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Background: Synthesis of allolactose (lac operon inducer) from lactose requires a site for clasping glucose as an acceptor on

B-galactosidase.

Results: The structure of the glucose site was defined, and its evolutionary conservation was determined.
Conclusion: The glucose binding site defines an “allolactose synthesis motif” that is co-selected with lac repressors.
Significance: Novel insights into evolutionary adaptations for regulation by allolactose are presented.

B-Galactosidase (lacZ) has bifunctional activity. It hydrolyzes
lactose to galactose and glucose and catalyzes the intramolecu-
lar isomerization of lactose to allolactose, the lac operon
inducer. B-Galactosidase promotes the isomerization by means
of an acceptor site that binds glucose after its cleavage from
lactose and thus delays its exit from the site. However, because
of its relatively low affinity for glucose, details of this site have
remained elusive. We present structural data mapping the glu-
cose site based on a substituted enzyme (G794A-3-galactosi-
dase) that traps allolactose. Various lines of evidence indicate
that the glucose of the trapped allolactose is in the acceptor
position. The evidence includes structures with Bis-Tris (2,2-
bis(hydroxymethyl)-2,2’,2"-nitrilotriethanol) and L-ribose in
the site and kinetic binding studies with substituted 3-galacto-
sidases. The site is composed of Asn-102, His-418, Lys-517, Ser-
796, Glu-797, and Trp-999. Ser-796 and Glu-797 are part of a
loop (residues 795-803) that closes over the active site. This
loop appears essential for the bifunctional nature of the enzyme
because it helps form the glucose binding site. In addition,
because the loop is mobile, glucose binding is transient, allowing
the release of some glucose. Bioinformatics studies showed that
the residues important for interacting with glucose are only con-
served in a subset of related enzymes. Thus, intramolecular
isomerization is not a universal feature of [-galactosidases.
Genomic analyses indicated that lac repressors were co-selected
only within the conserved subset. This shows that the glucose
binding site of B-galactosidase played an important role in lac
operon evolution.

The classical model of the lac operon was developed based on
the regulation (1) of B-galactosidase (EC 3.2.1.23) production in

I This article contains supplemental Figs. 1 and 2.

The atomic coordinates and structure factors (codes 4DUW, 4DUV, and 4DUX)
have been deposited in the Protein Data Bank (http://wwpdb.org/).
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Escherichia coli. Two key genes in the lac operon are lacZ,
which codes for B-galactosidase, and lacl, which codes for the
lac repressor. The lac operon is not regulated directly by lactose
(p-Gal-(B1-4)-p-Glc). Instead allolactose (p-Gal-(B1-6)-D-
Glc) is an inducer (2, 3), binding to the lac repressor, stopping
repression, and allowing the transcription of lacZ and related
genes. Besides its function in hydrolyzing lactose, 3-galactosi-
dase synthesizes allolactose (3, 4) (Fig. 1A). The presence of
allolactose is, however, transient because allolactose is also a
substrate and is eventually hydrolyzed (Fig. 14) (5).

E. coli B-galactosidase is a tetramer with four identical sub-
units, each of which is 1023 amino acids (6). The structure of
the enzyme has been determined, and many molecular details
of the reaction have been elucidated (7-9). The enzyme has
broad specificity and in addition to lactose is capable of hydro-
lyzing a large variety of B-D-galactosides. Substrate binding
occurs in two steps. Lactose initially binds in what has been
described as the “shallow” binding mode (8), located parallel to
and making interactions with Trp-999. Binding in this mode is
nonproductive, and in order for the reaction to proceed the
substrate must move ~3 A and rotate ~90°. In this new posi-
tion, described as the “deep” binding mode, the Gal® of lactose
forms interactions with Trp-568 and is correctly positioned for
reaction vis 4 vis two key catalytic residues, Glu-461 and
Glu-537.

Specific conformational changes occur during catalysis. The
side chain of Phe-601 rotates ~60° while interacting with the
C6 of the Gal, and a mobile loop composed of residues 794 — 803
can move up to ~11 A and close over the active site. Three
residues, Arg-599 (10), Met-542 (11), and Glu-808 (12), are not
part of the loop but are important in loop conformation. Struc-
tural studies (8) have shown that the loop and Phe-601 of the
native enzyme are in the “closed” conformation when some
transition state analogs are bound. Otherwise, when no ligand

2 The abbreviations used are: Gal, galactose; Bis-Tris, 2,2-bis(hydroxymethyl)-
2,2',2""-nitrilotriethanol; LB, Luria-Bertini; oNP, o-nitrophenol; oNPG, o-ni-
trophenyl-B-p-galactopyranoside; TES, N-tris(hydroxymethyl) methyl-2-
aminoethane-sulfonic acid; aLRT, approximate likelihood-ratio test.
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FIGURE 1. The reactions of B-galactosidase. A, shown is the general scheme
presenting the structures of lactose and allolactose. The concurrent hydroly-
sis and intramolecular transgalactosylis reactions are diagrammed. Allolac-
tose production is only transitory because it is also hydrolyzed to Gal and Glc
by B-galactosidase. B, shown is the reaction mechanism when lactose is the
substrate. C, shown is the reaction mechanism when oNPG and Glc are sub-
strates. The addition of glucose is used to study the transgalactosylation reac-
tion. For Band C, K; is the dissociation constant of the enzyme-substrate com-
plex, k, is the rate constant of the first displacement reaction, and k5 is the rate
constant for the second displacement reaction when water reacts. For the
transgalactosylation reaction with Glc that forms allolactose, the rate con-
stant is k,. K;" is the dissociation constant for Glc dissociating from the cova-
lent complex between the enzyme and Gal (E-Gal-Glc).

is bound or when substrate is bound, Phe-601 and the loop are
in the “open” conformation. Specific amino acid substitutions
(11-13) alter the loop open-closed equilibrium.

B-Galactosidase is a retaining glycosyl hydrolase with a dou-
ble displacement mechanism. In the first displacement (k, in
Fig. 1B), a nucleophile, Glu-537, reacts with the substrate ano-
meric carbon to break the glycosidic bond and form a covalent
bond with Gal (14). Glu-461 acts as an acid catalyst (15), and the
reaction probably proceeds via an oxocarbenium ion-like tran-
sition state. In the second displacement an acceptor hydroxyl
group acts as a nucleophile to break the enzyme-Gal covalent
bond. When water is the acceptor, hydrolysis occurs (k3), and
Galis produced. When Glc is the acceptor, allolactose is formed
(ky).

Most, if not all, B-galactosidases (including lacZ B-galacto-
sidase) catalyze intermolecular allolactose synthesis. Glc simply
competes with water to form allolactose (16). The intermolec-
ular route requires high concentrations of Glc (either added to
the reaction or produced from the hydrolysis of lactose), and
the proportion of the overall reaction that forms allolactose is
dependent on the Glc concentration. In a cell with an unin-
duced lac operon, this reaction route would not be sufficient for
operon induction. In contrast, when lacZ [-galactosidase
reacts with lactose, ~50% of the initial product is allolactose (4).
This high proportion is found even at low initial lactose con-
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centrations, an observation incompatible with intermolecular
transfer. Instead, an “intramolecular” transfer of the Gal moiety
of lactose from the Glc O4 to O6 occurs without the Glc leaving
the active site. Kinetic studies (4, 17) have shown that allolac-
tose synthesis in lacZ B-galactosidase is facilitated by slow
release of Glc after cleavage from lactose by the first displace-
ment reaction. This putative Glc acceptor site has moderate
specificity for Glc, with a dissociation constant of 17 mm (17).
Affinity is a balance between the need for intramolecular
allolactose synthesis for operon induction, which would be
facilitated by high Glc affinity, and the need to produce Glc and
Gal for glycolysis, which requires low Glc affinity.

The means by which B-galactosidase synthesizes allolactose
is important to help understand the regulation of the lac
operon. To date, the moderate affinity of Glc has prevented
mapping of the putative Glc site. This report begins by present-
ing the first detailed crystallographic study of how B-galacto-
sidase binds Glc at the acceptor site and identifies the residues
involved. Kinetic studies in conjunction with site-directed
mutagenesis confirmed that these residues are important for
Glc affinity. These findings were then used for a phylogenetic
analysis, which indicated that residues important for the intra-
molecular synthesis of allolactose are conserved in 3-galactosi-
dases of only a relatively small group of known organisms. Fur-
thermore, lac repressors were only identified in organisms
where this intramolecular allolactose production can occur.
Taken together, these results suggest that allolactose produc-
tion by B-galactosidase is not merely a fortuitous side reaction,
as often portrayed in the literature and text books. Instead,
allolactose production and hence the regulatory mechanism in
the lac operon are features co-selected through evolution.

EXPERIMENTAL PROCEDURES
Chemicals

Complete Protease Inhibitor Tablets and ampicillin were
from Roche Diagnostics. Na,HPO, and NaH,PO, were from
BDH Inc., Toronto, ON. Sephacryl 300, oNPG, and L-arabinose
were from MP Biomedicals, Solon, OH. MgSO, was from
Mallinckrodt Baker. Imidazole, BSA, EDTA, Bis-Tris, PEG-
8000 and TES were from Sigma. NaCl was from EMD Chemi-
cals, Gibbstown, NJ. DTT was from Roche Applied Science.

Media and Buffers

Media—LB broth consisted of 5 g/liter yeast extract, 10 g/
liter Tryptone, 10 g/liter NaCl, 0.05 g/liter ampicillin, pH 7.5 at
37 °C. LB plates contained LB broth supplemented with 15 g/
liter agar.

Assays—TES buffer consisted of 30 mm TES, 145 mm NaCl,
10 mm MgSO,, 0.1 mm EDTA pH 7.0 at 25 °C.

Chromatography—Native binding buffer was 200 mm so-
dium phosphate, 5 mm NaCl, pH 7.8; native wash buffer was 200
mM sodium phosphate, 5 mm NaCl, pH 6.0.

Crystallization—Crystallization buffer was 100 mm Bis-Tris,
pH 6.5 (14 °C), 100 mm NaCl, 200 mm MgCl,, 10 mm DTT.
Mother liquor was 100 mm Bis-Tris, pH 6.5 (14 °C), 100 mm
NacCl, 200 mm MgCl,, 10 mm DTT, and 10% (w/w) PEG 8000.
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Strain and Plasmid

B-Galactosidase was expressed in E. coli strain LMG194
(F-AlacX74 Gal E thi rpsL. AphoA (Pvu) Aara714 leu:Tnl0
(Invitrogen™") containing the pBAD/His/lacZ plasmid
(Invitrogen™). The following substituted B-galactosidases
were created by Bio S&T Inc., Montreal, QC: N102A, H418N,
N460S, K517A, G794A, S796A, and E797A.

Cultures

Single colonies of E. coli cells (from LB agar plates grown
overnight at 37 °C) containing the desired plasmid were inocu-
lated into 20 ml of LB broth. The starter culture was grown for
16 h (37 °C, 250 rpm) and then used to inoculate a Fernbach flask
(LB broth, 1 liter). This culture was incubated for 2 h (37 °C, 250
rpm) and then induced with 10 ml of sterile L-arabinose (20% w/v).
Growth was continued overnight. Cultures were harvested by cen-
trifugation at 2000 X g for 10 min (4 °C).

Purification of B-Galactosidases

Pellets of the E. coli cells were resuspended in 3 ml of native
binding buffer supplemented with one-half a Complete Mini
protease tablet. The cells were disrupted with two passes
through a French press (800 p.s.i.). The homogenate was clari-
fied by centrifugation (11,200 X g, 55 min) and then applied to
a nickel Probond column (3.4 ml, Invitrogen) pre-equilibrated
with native binding buffer. The column was washed sequen-
tially with several column volumes of native wash buffer and
then several column volumes of native wash buffer supple-
mented with 50 mMm imidazole. Next, (-galactosidase was
eluted with native wash buffer supplemented with 500 mm
imidazole. Fractions containing the highest activity were
pooled and dialyzed exhaustively against TES buffer (4 °C). At
this point the enzyme could be used for kinetic studies. How-
ever, crystallization required further purification. After being
concentrated to ~2 ml, the enzyme was applied to a Sephacryl
S-300 column (300 ml) equilibrated with TES buffer and eluted
at 2 ml/min. Fractions with the highest activity were pooled and
concentrated with ammonium sulfate (50% saturation, 25 °C).
The recovered protein was dialyzed exhaustively against crys-
tallization buffer (4 °C). Aliquots were frozen in liquid nitrogen
and stored at —86 °C until needed.

Crystallography

Diffraction quality crystals were obtained by microseeding
methods similar to those of Juers et al. (9). Seed crystals were
obtained from starting crystals suspended in mother liquor and
disrupted with a Seed Bead kit (Hampton Research). Different
dilutions of seed crystals were utilized; the dilution required
was determined empirically. Crystals were grown at 14 °C by
hanging drop vapor diffusion over 1 ml of mother liquor in
24-well plates (Hampton Research). The hanging drops (4 ul)
consisted of equal volumes of protein (10 mg/ml in crystalliza-
tion buffer) and seed solution in mother liquor. Pyramid-
shaped orthorhombic crystals appeared after a few hours and
reached their maximum size about 36 h after seeding. Com-
plexes were obtained by soaking (30 min) crystals of the desired
enzyme in mother liquor supplemented with 50 mm lactose, 50
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mwm galactal, or 50 mMm L-ribose. For cryoprotection, each crystal
was placed into solutions of mother liquor with increasing
DMSO content (6, 12, 19, 25% v/v) for ~5 s at each concentra-
tion before being flash-cooled in liquid N, at 100 K.

Diffraction intensities were collected from single crystals at
the Canadian Light Source beamline 08B1-1 (1.11589 A, 100K).
Data were processed and scaled with Mosflm and Scala (18—
20). Previously determined structures were used as starting
models for refinement as all space group P2,2,2, crystals had
isomorphous unit cell dimensions. The R;... sets were pre-
served from the starting model data. Final models were
obtained by iterative cycles of model building with COOT (21)
and refinement with Refmac (22). Stereochemical restraints
were defined manually as this strategy produced lower Ry,
values than the Refmac automatic algorithm. Omit electron
density maps were produced by simulated annealing and re-re-
finement with Phenix (23) using models with the acceptor
ligand removed.

Enzyme Assays

Enzyme aliquots were thawed slowly in tepid water and
diluted into TES buffer supplemented with BSA (10 mg/ml).
The BSA was important for minimizing enzyme denaturation
(24). Small aliquots of the diluted enzyme were added to assay
mixtures consisting of TES buffer and the substrate, oNPG.
Activities were measured at 25°C using a Shimadzu UV
2101PC spectrophotometer (420 nm). The extinction coeffi-
cient of the oNP (product) at 420 nmis 2.67 mm ™ ‘cm ™', pH 7.0,
25°C.

Kinetic Studies

Equation 1 describes the effect of the Glc concentration
([glucose]) on appk,,,. K;" is the equilibrium constant for disso-
ciation of Glc from E-GalGlc, and k, refers to the reaction
forming allolactose starting with E-Gal-Glc (Fig. 1C). The equa-
tion was derived using the kinetic scheme in Fig. 1Cin a manner
analogous to that described for similar equations by Descha-
vanne et al. (25). Estimates of K,” were obtained using Equation
1 below. For each substituted enzyme, appk.,, values (k,, val-
ues in the presence of Glc) were determined using non-linear
regression (PRISM 4™) of Michaelis-Menten plots obtained at
aseries of Glc concentrations. Six concentrations of o0NPG were
used for each analysis; three above the K, and three below.
Assays at each substrate concentration were performed in
duplicate. Protein concentration was determined by the
absorbance at 280 nm (extinction coefficient: 2.09 mg ml™!

cm ™).
Kok ) Kok, \[glucose]
. ky + kg k, + k3/ K (Eq. 1)
APPKar = k, + k;\[glucose] !
ky+ks) K

The first term in the numerator of Equation 1 is the k_, of
oNPG expressed as a ratio of rate constants. This value as well as
the values of the second term in the numerator and the second
term in the denominator were determined by non-linear

regression of plots of appk.,, versus [glucose]. The k, and kj
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values were determined separately using the k_,, values of p-
and o-NPG (which had different rate determining steps) as well
as with added acceptors (mainly methanol). The second term in
the numerator was divided by the second term of the denomi-
nator, and the values of k, were substituted. This allowed esti-
mation of k,. The k,, k5, and k, values obtained in this way were
substituted into the estimates of the second terms of the
numerator and of the denominator, and one K" estimate was
obtained from each term. These two estimates were similar for
each point mutant and were averaged.

Bioinformatics

General—Homologous proteins were identified by searching
NCBI databases with Blast 2.2.25+ (26). Because of the over-
representation of E.coli sequences in databases, E. coli
sequences were excluded from all Blast searches, and the E. coli
sequences were manually appended to the results. Sequences
were aligned with ClustalX 2.1 using default parameters (27).
Maximum likelihood phylogenies were estimated with PhyML
3.0 (28). Tree searching operations used the “best of NNI and
SPR” algorithm. Branch support was estimated with the “aL.RT”
method. Sequence data were extracted and analyzed algorith-
mically using BioPerl (29) scripts.

Identification of B-Galactosidases with an “Allolactose Syn-
thesis Motif’—Fourteen amino acids were singled out as com-
prising the allolactose synthesis motif (Lys-517, loop residues
795-803, as well as Asn-804, Ala-805, Arg-599, and Glu-808).
Details of the selection process are presented under “Results.”
An initial test analysis of the motif used a dataset of homolo-
gous f3-galactosidase sequences. First, a Blast search of the
NCBI non-redundant protein database was performed using
the E. coli B-galactosidase sequence as the query sequence. The
251 top matches were retained. Second, truncated sequences
were removed. The E. coli enzyme has 1023 amino acids, and
245 of the 251 sequences were longer than 950 amino acids. The
6 truncated sequences (all having less than 850 residues) were
discarded to produce a working set of 245 sequences. Third, the
sequences were aligned with Clustal, and the number of con-
served motif residues in each sequence was determined.
Fourth, maximum likelihood phylogenies were estimated with
PhyML. The conservation of motif residues (as determined in
the previous step) in various branches of the phylogenetic tree
was calculated and compared, as indicated under “Results.”

lac Repressor Identification—The purpose of the repressor
sequence analysis was to separate lac repressor homologues
from other related repressors. Seven residues (Ile-79, Asn-125,
Asp-149, Phe-161, Ser-193, Phe-293, and Leu-296) were
selected to distinguish lac repressors from other repressors, as
described under “Results.” An initial test analysis was per-
formed in a similar manner to that involving B-galactosidase
sequences, as described above. In this case, a Blast search of the
NCBI non-redundant protein database was performed using
the E. coli lac repressor amino acid sequence as the query
sequence. The 252 top matches were retained. The E. coli lac
repressor is 360 amino acids long, and 249 of the 252 sequences
were greater than 310 amino acids in length. The 3 truncated
sequences (all less than 270 amino acids in length) were dis-
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carded. Analysis of the conservation of the motif residues in the
retained 249 sequences then proceeded as described above.

Genomic Analysis—Complete microbial genome sequences
were analyzed to determine if an organism contained a 3-galac-
tosidase catalyzing allolactose formation (defined by the
allolactose synthesis motif and/or a lac repressor (defined by
the residues identified above). 1087 genomes were searched,
representing all completed genomes available from the NCBI
that could be searched against protein sequences.

Datasets were obtained with Blast searches using either the
E. coli B-galactosidase or lac repressor as the query sequence.
Searches were performed separately against each of the 1087
genomes. For each genome, only the top scoring 3-galactosi-
dase and/or repressor sequences were retained. Additionally,
for the B-galactosidase sequence set, only sequences greater
than 900 amino acids in length and greater than 30% sequence
identity with E. coli B-galactosidase were retained. For the
repressor sequence set, sequences from Blast search results
with a length greater than 200 amino acids and a greater than
30% sequence identity with the E.coli lac repressor were
retained. The E. coli ribose repressor sequence was also added
to the repressor sequence set. For each dataset (the 3-galacto-
sidase sequences and the repressors sequences), the sequences
were aligned with Clustal, and the number of conserved motif
residues in each sequence was determined. Maximum likeli-
hood phylogenies were estimated with PhyML. Using the crite-
ria established in the previous analyses, lac repressors and [3-ga-
lactosidases containing the allolactose synthesis motif were
identified. Finally, the presence of each of the identified proteins in
each of the genomes was compared. The number of genomes that
contained only one or both of these proteins was determined.

RESULTS

Statistics for diffraction data collection and refinement are
presented in Table 1. Coordinates and structure factors were
deposited in the Protein Data Bank. Accession codes are also
given in Table 1. Structures showing ligand binding are pre-
sented in Fig. 2. The substitutions caused no significant differ-
ences in overall protein structure. Fig. 2 also includes omit
maps showing the electron density of the ligand in the glucose
acceptor site (stereoview insets). For each model, the first inset
shows the Glc site ligand in the same orientation as in the main
panel, whereas the second inset is rotated to more clearly show
the ligand fit to the electron density.

Structure of G794A-B-galactosidase after Reaction with
Lactose—Crystals of G794A-B3-galactosidase incubated with 50
mM lactose for 30 min had an allolactose in the deep binding
mode (Fig. 24). The active site loop was in the closed confor-
mation as expected with G794A-B-galactosidase (13). The
presence of allolactose in the active site is consistent with
allolactose being formed from the lactose and trapped in situ. In
contrast, when either lactose or allolactose is added to catalyt-
ically inert E537Q-B-galactosidase crystals, they bind in the
shallow mode with the active site loop open (8).

The electron density of the Glc of allolactose is well defined
and allows for the identification of interactions of the Glc with
the enzyme. Typical of sugar binding, the foundation of the Glc
interaction is an aromatic residue, Trp-999. Some apparent
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TABLE 1
Crystallographic data collection and refinement statistics
Data in parentheses refer to the highest resolution shell.

G794A allolactose G794A Bis-Tris N460S L-ribose
Data collection statistics

Space group P2,2,2, P2,2,2, P2,2,2,
Unit cell: @, b, ¢ (A) 151.8, 162.6, 203.7 150.6, 167.7, 201.6 150.6, 168.1, 201.9
a B,y () ) 90, 90, 90 90, 90, 90 90, 90, 90
Resolution range (A) 24.81-2.20 (2.32-2.20) 200-2.10 (2.21-2.10) 169-2.30 (2.42-2.30)
Unique reflections 235,634 (24540) 295,878 (42829) 224,130 (31819)
Completeness (%) 92.6 (66.6) 100.0 (100.0) 99.0 (97.1)
Redundancy 3.9(1.8) 7.6 (7.6) 4.0 (3.3)

merge” (%) 7.7 (28.3) 11.0 (48.2) 8.9 (43.7)
Average (I/o(I)) 10.0 (2.3) 12.7 (3.8) 8.9 (2.6)

Refinement statistics
Resolution range (A)

24.82-2.20 (2.257-2.200)

86.41-2.10 (2.155-2.100)

86.45-2.30 (2.360-2.300)

Number of reflections 232,012 (11,070) 291,478 (21,319) 220,754 (15,865)
Number of atoms
Total 36,668 37,229 35,621
Protein 32,632 32,732 32,620
Solvent? 3,918 4,378 2,889
Ions 26 25 22
Ligand 92 96 90
R, set size 3,378 (155) 4,267 (322) 3,223 (213)
R (%) 16.0 (23.3) 15.9 (20.6) 17.0 (22.2)
Ry, (%) ) 21.3 (28.2) 20.6 (26.6) 22.1(28.9)
Average B-factor (A?) ) 57 32 37
Root mean square deviation from ideal bonds (A) 0.007 0.007 0.008
Root mean square deviation angles (°) 1.08 1.06 1.12
PDB ID 4DUW 4DUV 4DUX

“R was calculated by Scala (18 -20).

merge

% Solvent includes atoms from water and DMSO.

C-H-+ bonds (30) are shown between the partially positive
hydrogens of the C3, C4, and C5 groups of Glc and the  elec-
tron cloud of Trp-999 (Fig. 24, red dashed lines), but there are
more such interactions than shown. Asn-102, Ser-796, and
Glu-797 interact with the C1 hydroxyl of Glc in the 3-anomeric
configuration. There was no electron density suggesting the
presence of an a-anomer. The C1 of Glc and the 8 carbon of
Ser-796 are close enough for a hydrophobic interaction (Fig.
2A, orange dashed line). Asn-102 is also in position to interact
with the O5 of the Glc. The two bonds with Asn-102 are longer
than ideal and individually probably somewhat weak. However,
the two interactions would be strengthened through coopera-
tivity. His-418 and Lys-517 form indirect, water-bridged inter-
actions with the Glc C3 and C4 hydroxyls, respectively. The
bonds to the bridging waters are short (~2.7 A) and at ideal
H-bond angles. Glu-461 is within H-bonding distance of the
allolactose glycosidic oxygen (Fig. 24, light blue dashed line).
During allolactose formation, this geometry would be correct
for orienting the O6 hydroxyl of Glc for nucleophilic attack on
the Gal anomeric carbon, and Glu-461 would be in position to
act as a general base.

Structure of G794A-B-galactosidase with Bis-Tris—When
D-galactal is incubated with native (-galactosidase, 2-deoxy-
Gal becomes covalently bound to Glu-537 (8). The same reac-
tion takes place when G794.A-B-galactosidase is incubated with
p-galactal. The active site loop is closed (Fig. 2B). Interestingly,
a well defined Bis-Tris buffer molecule is located adjacent to
2-deoxy-Gal, and the residues that interact with the Bis-Tris are
identical to those that bind the Glc of allolactose.

Trp-999 again forms C-H-r interactions (Fig. 2B, red
dashed lines). Ser-796, Glu-797, and Asn-102 form direct inter-
actions with the two hydroxyls at the nitrogen end of the Bis-
Tris. On the opposite end of Bis-Tris, Lys-517 forms an indirect
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H-bond (via a water) with one hydroxyl, whereas His-418 forms
a bifurcated H-bond to the other two hydroxyls. None of the
five hydroxyl groups of Bis-Tris are near the anomeric carbon of
the 2-deoxy-Gal, explaining why a Bis-Tris adduct with 2-de-
oxy-galactose is not formed.

Weak electron density for a Glc in the acceptor position was
found by Juers et al. (8) when 2-deoxy-Gal was covalently
attached to wild type B-galactosidase but only when crystallized
at low (1 mm) Bis-Tris concentrations. Similar attempts with
2-deoxy-Gal and G794A-[3-galactosidase were not successful
(13). Even when G794A-B-galactosidase was crystallized in the
presence of 500 mm Glc and 1 mm Bis-Tris, only Bis-Tris was
found in the acceptor site. Bis-Tris concentrations could not be
reduced further without interfering with crystallization. Bis-
Tris at 1 mm must bind more tightly to the acceptor site of
G794A-B-galactosidase than Glc at 500 mm.

Structure of N460S-B-galactosidase with 1-Ribose—When
N460S-B-galactosidase (31) is incubated with L-ribose, the
crystals show that the active site loop is in the closed conforma-
tion. One L-ribose is positioned somewhat similarly to the Gal
moiety of the allolactose (Fig. 2C, line structure in the back-
ground). In some ways this L-ribose behaves like a transition
state analog (32). Of more importance for this present study, a
second L-ribose is seen in the active site, in a similar position to
the Glc moiety of allolactose and the Bis-Tris in the structures
described above. Compared with those ligands, the second L-ri-
bose is not as clearly defined by electron density. Fig. 2C (insets
CI and C2) shows the electron density is shaped like a bowl with
a high lip on one side. The three hydroxyls (O,, O3, and O4) of
L-ribose fit into this lip, and this orientation appears to be the
only way that the L-ribose can be positioned. This model is also
supported by the fact that the L-ribose orientation was consis-
tent through the four active sites of the enzyme. Structures with
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Inset A1

V7
J 796
Glc/acceptor

Glc/trapped allolactose Glc/trapped allolactose
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Inset B2

Inset C1

L-ribose L-ribose

FIGURE 2. Stereoviews of B-galactosidases with allolactose, Bis-Tris, and L-ribose ligands. Oxygen atoms are red, nitrogen atoms are blue, and water
molecules are represented by red spheres. Carbon atoms from residues involved in Glc binding are green and the electron density (2F, — F,) is pale yellow and
contoured at 1.50, those from Glu-461 and Trp-568 are white and the electron density is left out, and the carbon atoms of allolactose, Bis-Tris, and L-ribose are
magenta. The dashed lines show the interactions between the enzyme and the compounds in the Glc site: black, H-bonds of 3.2 A length or less; gray, H-bonds
between 3.2 and 3.4 A; red, C-H-+arbonds between hydrogens on sugars and the 7 electrons of Trp-999 (note that there are probably more of these, only bonds
with short distances are shown); orange, hydrophobic interactions; light blue, bonds with Glu-461. A, shown is G794A-3-galactosidase active site structure with
a trapped allolactose. The electron density of the allolactose (2F, — F,) is contoured at 1. B, shown is the G794A-B-galactosidase active site structure with a
covalently bound 2-deoxy-galactose (yellow carbons with the electron density left out for clarity) and Bis-Tris in the Glc binding site. The electron density of
Bis-Tris (2F, — F_) is contoured at 10 C, N460S-B-galactosidase with L-ribose in the position normally occupied by Gal in the deep mode and a second L-ribose
in the Glc binding site is shown. The L-ribose in the Gal position is shown as magenta lines and without electron density so as not to obscure the rest of the
structure. The electron density of the L-ribose in the acceptor site is contoured at 0.8¢. To the right of each panel (A, B, and C) are two insets showing simulated
annealing omit maps (F, — F_.) contoured at 3¢. The orientation of the omit densities in the top inset is identical to that in the main panel. The lower inset is
re-oriented to more clearly show the ligand fit to the electron density.

L-ribose bound to this position of both native and N460S-3-
galactosidase are available. The N460S structure is presented
here because this structure gave the best resolution. The sub-
stitution for Asn-460 is distant from the putative Glc site.

The L-ribose in the acceptor site again forms C-H- inter-
actions (30) with Trp-999. Both Ser-796 and Glu-797 form
H-bonds with the L-ribose C1 hydroxyl, although the Glu-797
bond to the C1 hydroxyl is longer than the bond with Ser-796.
The Ser-796 3 carbon forms a hydrophobic interaction with the
L-ribose anomeric carbon (Fig. 3C, orange dashed line) similar
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to that with the Glc of the trapped allolactose. Asn-102 forms
an H-bond with the L-ribose ring O5, again comparable to the
interaction with Glc in the allolactose structure. His-418 inter-
acts with a water that in turn forms H-bonds with the C2 and C3
hydroxyls. Lys-517 also forms an indirect interaction with the
L-ribose C3 hydroxyl through a water ideally positioned to form
H-bonds. Glu-461 forms an H-bond with the r-ribose C4
hydroxyl.

Dissociation Constants of Glc as an Acceptor—Table 2 shows
that substituting for each of Asn-102, Lys-517, His-418, Ser-
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FIGURE 3. A, shown is the prevalence of allolactose synthesis motif residues in
B-galactosidase sequences. The bars with cross hatches represent sequences
identified as having an allolactose synthesis motif, and open bars represent
the remaining sequences. B, shown is the prevalence of conserved lac repres-
sor residues in Lacl-GalR family repressor sequences. The bars with cross
hatches represent sequences identified as lac repressors, and open bars rep-
resent the remaining sequences. The datasets of protein sequences were
obtained as described in the text (“see Experimental Procedures”).

TABLE 2

The K;" values are shown of B-galactosidases with substitutions for the
residues thought to be important for binding Glc for the intramolecu-
lar acceptor action of the enzyme

K" is the dissociation constant of Glc from the acceptor site. k, values for glucose are
also shown. Values are also given for N460A-f3-galactosidase, a point mutant that
affects transition state binding but is not expected to affect Glc binding. A dash
indicates that the value was not meaningful.

K, Fold poorer binding k,
mm s 1
Native 17 — 280
Substituted enzymes
N102A ~670 ~40 185
K517A ~175 ~10 135
H418N >335 >20 50
S796A ~390 ~23 20
E797A ~139 ~8 285
N460A ~23 ~1.3 20

796, and Glu-797 caused the K" values to increase 8-fold or
more. Previous studies have shown that binding of Glc is very
poor upon substituting for Trp-999 (33). Also reported is a K;”
value of a substitution (N460A-B-galactosidase, one of several
that could have been chosen) that is unlikely to influence Glc
binding. Indeed, this K;” does not change significantly. In addi-
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tion, the table shows the k, values. The differences in the k,
values of the substituted enzymes from the k, of the native
enzyme do not correlate with the binding differences. Some of
the residues have other roles that could affect the &, value (e.g.
His-418, Asn-102, Ser-796) or slight differences in positioning
of the Glc could alter k.

Bioinformatics

Identification of B-Galactosidases with an Allolactose Synthe-
sis Motif—To identify B-galactosidases expected to produce
allolactose using the intramolecular mechanism, 14 amino
acids important for Glc binding were selected as comprising an
allolactose synthesis motif. Based on the structural and kinetic
findings in this study, Lys-517, Ser-796, and Glu-797 were
selected because these residues appear to function primarily in
Glc binding. In addition, two of these residues, Ser-796 and
Glu-797, are part of the active site loop and are only in contact
with Glc when the loop is closed. Thus the rest of the loop
(amino acids 795 and 798 —803) and residues known to func-
tion in the loop conformational change (Arg-599, Asn-804,
Ala-805, and Glu-808) were also selected. The structures
described above indicated that His-418, Asn-102, and Trp-999
are also important for binding Glc. However, these three resi-
dues were not useful for uniquely identifying B-galactosidases
that synthesize allolactose as they have other important mech-
anistic roles (8, 33-35) and are highly conserved among all
B-galactosidases examined.

An initial “test analysis” of the motif was done using a set of
245 homologous B-galactosidase sequences® obtained from the
NCBI non-redundant protein database. Results are shown in
the phylogenetic tree in supplemental Fig. 1A. Conservation of
the motif residues was confined to one branch of the phyloge-
netic tree (branch A, aLRT branch support 1.00). Within the
133 sequences in branch A, most of the motif residues were
highly conserved. However, little conservation of the 14 resi-
dues was found among the 112 sequences not part of branch A.
For example, Ser-796, Glu-797, Asp-802, and Pro-803 were
>95% conserved in branch A but averaged only 1.6% conserva-
tion in the remainder of the tree.

Two other observations obtained from this analysis are sig-
nificant. First, both Lys-517, whose only known function is to
bind Glc, and Arg-599, whose only known function involves
loop closure (10), were highly conserved (>95%) in branch A
but not conserved at all (0%) in the remaining sequences. The
co-conservation of these two specific amino acids (Lys-517 and
Arg-599) in addition to the co-conservation of the other 12
amino acids would be unlikely unless the residues directly
involved in binding Glc (Lys-517, Ser-796, and Glu-797), the
rest of the loop residues, and residues important for loop mobil-
ity share a common function. Second, all enzymes in branch A
of the tree had at least 7 of the 14 motif residues strictly con-
served (Fig. 34), with an average of about 11. In addition, in

3 All sequences in this dataset were predicted to have B-galactosidase activity
based on the sequence homology with the E. coli B-galactosidase and par-
ticularly the conservation of Asp-201, Phe-601, and Asn-604, residues
known to be conserved in this family of 3-galactosidases but not in related
glycohydrolases.
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each case many of the 14 amino acids that were not strictly
conserved were replaced by homologous amino acids. Branch A
did not contain any organisms with enzymes having less than 7
of the 14 residues strictly conserved, and the remaining 112
enzymes outside of branch A had 2 or less of the 14 residues
conserved. No enzymes had 3— 6 residues conserved. Based on
these analyses, the strict conservation of at least 7 of the 14
motif residues were used as the criterion to identify 3-galacto-
sidases capable of intramolecular allolactose synthesis (the
allolactose synthesis motif).

Identification of lac Repressors—Repressor sequences were
analyzed to determine criteria for identifying lac repressor
homologs from among the larger family of LacI-GalR repressor
proteins. Residues in the effector binding site were used as dis-
tinguishing features. Although a structure of allolactose com-
plexed with lac repressor has not been reported, effector bind-
ing has been studied with the lac repressors having isopropyl
1-thio-B-p-galactopyranoside and oNPG bound (PDB IDs
2P9H and 2PE5, respectively) (36). The Gal moieties of isopro-
pyl 1-thio-B-p-galactopyranoside and oNPG would define the
binding of the Gal moiety of allolactose, whereas the Glc pocket
is defined in repressor structures by residues near the thio-
isopropyl group of isopropyl 1-thio-3-p-galactopyranoside and
the oNP portion of oNPG. Initial analyses, however, showed
that the residues that comprise the Gal binding site were also
highly conserved in ribose and other repressors. For example,
structural alignments show that Asp-274 and GIn-291 are con-
served in both the E. coli lac repressor and the Lactobacillus
acidophilus ribose (PDB ID 3HS3) repressors. Residues that
would comprise the binding pocket for the Glc portion of
allolactose were more unique, presumably because allolactose
is a disaccharide, whereas most of the related effectors and
ribose, in particular, are monosaccharides. Inspection of the
two lac repressor structures identified seven residues, Ile-79,
Asn-125, Asp-149, Phe-161, Ser-193, Phe-293, and Leu-296,
likely to be involved in Glc binding. Mutagenesis studies have
also shown that these seven residues are important for effector
binding to the lac repressor (37). Thus, these residues were
selected to distinguish lac repressors from other repressors.

As with the B-galactosidase analysis, an initial “test” of the
selected residues utilized a dataset of homologous repressors
(249) obtained by a Blast search with the E. coli lac repressor as
the query sequence. Results are shown in the phylogenetic tree
in supplemental Fig. 1B. The conservation of the seven selected
residues had less of a bimodal distribution (Fig. 3B) than did the
B-galactosidase analysis (Fig. 3A). This result was not unex-
pected as the seven amino acids selected are common in the
interior of most proteins. However, when the degree of conser-
vation was examined in the context of the phylogenetic tree
branching, there was a clear dichotomy. One branch of the tree
containing 90 sequences had 87 sequences with 4-7 of the
pocket residues conserved (branch B, supplemental Fig. 1B,
aLRT branch support 0.93), and many of the non-matching
amino acids of these 87 sequences were homologous to the
E. coliresidues. In the remainder of the tree (159 sequences), all
but one repressor, that of Deinococcus maricopensis, had 3 or
less residues conserved, with no clear pattern of sequence con-
servation or homologous residues discernible. The E. coli
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ribose repressor was located in this part of the tree and had only
two of the seven residues conserved. This pattern of conserva-
tion was consistent with the structural and mutagenesis data
and indicated that the seven amino acids were suited for iden-
tifying putative lac repressors.

Genome Analysis—Of 1087 genomes analyzed, 197 con-
tained -galactosidase sequences of which 53 were identified as
possessing an allolactose synthesis motif (supplemental Fig.
2A). These 53 were in one branch of the phylogenetic tree
(branch C, supplemental Fig. 24, aLRT branch support 1.00),
and a bimodal distribution was again found in the number of con-
served motif residues. The 53 sequences had 7 or more of the 14
residues conserved; the other 144 proteins had 3 or less conserved.

From the same set of 1087 genomes, 306 were identified* that
contained repressor sequences (supplemental Fig. 2B). A clear
phylogenetic clustering of proteins containing the lac repressor
residues was observed (branch G, supplemental Fig. 2B, aLRT
branch support 1.00). This branch consisted of 33 repressors of
which 31 had 4 or more of the 7 selected residues conserved.
The remaining 2 sequences had only 3 residues strictly con-
served, but homologous substitutions suggested these two pro-
teins are probably also lac repressors. Two additional se-
quences with four conserved pocket residues were dispersed in
the remainder of the tree (supplemental Fig. 2A4) and were con-
sidered false positives. The lac repressor was only found among
Gammaproteobacteria and, with the exception of two bacteria
from the order Vibrionales, was confined to members of the
order Enterobacteriales. Interestingly, six other Vibrionales
species included in this study did not possess a lac repressor.

Next, the correlation between allolactose synthesis and the
lac repressor in the microbial genomes was examined. Fig. 4
shows the branch of the 3-galactosidase phylogenetic tree with
the 53 species with the allolactose synthesis motif (branch C of
supplemental Fig. 2A4). Of these 53 species, 32 possessed a lac
repressor and are shown in blue, whereas those without lac
repressor are colored black. Fig. 5 shows the branch of
the repressor phylogenetic tree with the 33 species identified as
containing lac repressors (branch G of supplemental Fig. 2B).
The 32 species that also contain [B-galactosidases with an
allolactose synthesis motif are shown in purple. The one species
that does not contain a B-galactosidase is colored black (not
shown in Fig. 4). This exception is Sodalis glossinidius, where a
lac repressor was found but no B-galactosidase either with or
without the allolactose synthesis motif could be identified. This
bacteria is an endosymbiont whose genome has undergone
massive erosion (38), so the missing gene was not significant. In
summary, except for the endosymbiont, all species that have a lac
repressor also have a 3-galactosidase with an allolactose synthesis
motif. However, some species have [-galactosidases with an
allolactose synthesis motif but do not possess a lac repressor.

To further examine the relationship between the allolactose
synthesis motif and lac repressors, the genomic arrangement of
the corresponding genes was examined. In E. coli these genes
are adjacent on the chromosome. However, they are regulated
separately, and thus this arrangement is not required. Still, if a

4307 sequences were analyzed, as two sequences, the lac and ribose repres-
sors, were included from the E. coli genome.
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r + Cronobacter sakazakii. YP_001439042. Motif=SK RE VS E ve RID P N A. Identity=12.

L + Cronobacter turicensis. YP_003209250. MotiSK RE VS E ve RID P N A. Identity=12.
. Y
| + Serratia sp. YP_004501681. MotifSK RE VS E veR ¢ D P N A. Identity=11.

I + Serratia sp. YP_004506633. Motif~K RE VS EveR ¢D PN A. Identity=11.

4|:+Enterobacter aerogenes. YP_004593881. MotifSK RE VS Eve RID P N A. Identity=12.
+ Klebsiella variicola. YP_003439651. MotifSK RE VS E ve RID P N A. Identity=12.

+ Yersinia enterocolitica. YP_001006792. Motif=K REiSE t T RID P N A. Identity=12.

+ Yersinia pestis. YP_001607216. MotifSK REiSE A ThID P N A. Identity=12.
+ Yersinia pseudotuberculosis. YP_001400606. MotifSK REiSE A ThID P N A. Identity=12.
+ Enterobacter sp. YP_001175663. MotifSK REV SE AT RI1D P N A. Identity=14.
{ + Enterobacter asburiae. YP_004827495. MotifSK RE VS E A TR ID P N A. Identity=14.
+ Citrobacter koseri. YP_001454367. Motif=SK RE VS E AT RID P N A. Identity=14.
— —|: + Citrobacter rodentium. YP_003364037. Moti=K REiSE v TRID P N A. Identity=12.
Pantoea ananatis. YP_003518626. MotifSK RE VS E v TRID P N A. Identity=13.

+
—: + Salmonella enterica. YP_001571822. MotifSK REVSE AT RID P N A. Identity=14.

Escherichia fergusonii. EGC08557. Motif=SK REVSE AhhID P N A. Identity=12.

o + Shigella sonnei. EFZ49941. Motif=~K RE VS EA T RID P N A. Identity=14.
E. coli

B-Galactosidase

+ Escherichia coli. AAA24053. MotifSK RE VS E AT RID P N A. Identity=14. -€——

+ Shigella dysenteriae. ZP_07681527. MotiSK RE VS E A T RID P N A. Identity=14.
+ Enterobacter cloacae. YP_003614174. Moti=SK RE VS E A T RID P N A. Identity=14.
+ Klebsiella pneumoniae. YP_001338480. Motif~SK RE VS E A T RID P N A. Identity=14.

+ Rahnella sp. YP_004214235. Motif=K REVSE v TRID P N A. Identity=13.
Pantoea sp. YP_004114751. Motif=SK REtSE A anv D P N A. Identity=10.

+
+ Pantoea vagans. YP_003929972. Motif=SK REt SE A e Rv D P N A. Identity=11.
_— + Erwinia billingiae. YP_003740333. Motif=K REiSE v T kv D P N A. Identity=10.
Erwinia t iensis. YP_001908490. Moti=K REiSE AnRID P h A. Identity=11.
Erwinia amylovora. YP_003538014. Motif=SK REiS q As ¢ I D P N A. Identity=10.

+ Dickeya dadantii. YP_002986885. MotiSK REi S E vd RID P h A. Identity=10.

+ Dickeya zeae. YP_003005037. MotiSK REiSE vd RID P N A. Identity=11.

Serratia pr lans. YP_001479401. Motif=SK REiSEve RID P N A. Identity=11.

+ Pectobacterium carotovorum. YP_003016944. Motif=K REiSE vd RID P h A. Identity=10.

+ Pectobacterium atrosepticum. YP_049595. Motif=SK REi S E vd RID P h A. Identity=10.
+ Pectobacterium wasabiae. YP_003259161. Moti=SK REi S Evd RID P h A. Identity=10.

| Leuconostoc kimchii. YP_003620658. Motif=K RaVSEiekp D P N A. Identity=9.

| Leuconostoc sp. YP_004705073. MotiSK RaVSEiek p D P N A. Identity=9.
L c oides. YP_818785. Moti=K REVSE v TnID P N A. Identity=12.

E |
L L gasicomitatum. YP_003772028. MotiSK RE VS E A T kID P N A. Identity=13.

Oenococcus oeni. YP_810613. Moti=K REV SkvdhID P N A. Identity=10.
L lactis. YP_003354563. Motif=p RE VS E ve hID P N A. Identity=10.

Tol auensis. YP_002894085. Motif=K RaaSE Adh v D P N A. Identity=9.

Aeromonas hydrophila. YP_858525. MotifSK RatSE Adh aD P N A. Identity=9.
Aeromonas veronii. YP_004390763. Motif=SK RatSE A d h a D P N s. Identity=8.
d ZP_01217817. Motif=SK Rci SEidnID P N A. Identity=9.

Photobacterium proft

—C Vibrio vulnificus. YP_004190362. Motif=K R ¢iSE vdnv D P N A. Identity=8.

+ Vibrio harveyi. ZP_01986021. Motif=K R ¢ VS Eid n v D P N A. Identity=9.

Li 11 illarum. YP_004564724. Motif=SK R¢ VS E vd n v D P N A. Identity=9.

Glaciecola nitratir . YP_004870373. Motif=K RaiSE vdnlD P N A. Identity=8.
P: omonas h is. ZP_08410659. Motif=K RaVSE vdnlD P N A. Identity=9.

P

Alteromonas macleodii. YP_004425417. Motif=K Rs VS E vd n p D P N A. Identity=9.

F {/\ltemmunas sp. YP_004468726. Motif=K Rs VS E vd n p D P N A. Identity=9.

Vibrio cholerae. ZP_04418059. Motif~K Rat SE Ak h1D P N s. Identity=8.

| + Vibrio splendidus. ZP_00990243. Motif=r Ra VS E A n R v D P N s. Identity=9.
+ Psychromonas ingrahamii. YP_943382. Motif=K Rt t SE A d ¢ I D P N A. Identity=10.

144 B-Galactosidases without Allolactose Synthesis Motif

FIGURE 4. The correlation between the 3-galactosidase allolactose synthesis motif and /ac repressors in microbial genomes. The figure shows part of
a larger tree of B-galactosidase sequences, restricted to the one branch of the tree where the allolactose synthesis motif was identified. A node label colored
blue and preceded by a + symbol indicates a lac repressor was identified in the same genome. The node labels indicate genus, species, and 3-galactosidase
sequence accession number. Motif lists the residues that align with E. coli B-galactosidase allolactose synthesis motif in the order 517, 599, 808, 795, 796, 797,
798,799, 800,801, 802, 803, 804, and 805. Those residues that are conserved relative to the E. coli protein are capitalized. Identity indicates the total number of
the 14 motif residues that are strictly conserved with E. coli B-galactosidase. The complete version of this tree is shown in supplemental Fig. 2A, but note in this

figure the node labels are colored by different criteria.

MAY 3,2013-VOLUME 288-NUMBER 18 NASENMBE\ JOURNAL OF BIOLOGICAL CHEMISTRY 13001



Allolactose Synthesis and Its Co-selection with lac Repressor

+ Yersinia enterocolitica. YP_004297868. Motif=I N D F S F L. Identity=7.

+ Rahnella sp. YP_004214236. Motif=I N D F S F L. Identity=7.

+ Pectobacterium wasabiae. YP_003259162. Motif=I N D F S F L. Identity=7.
4|j[+ Pectobacterium atrosepticum. YP_049596. Motif=I N D F S F L. Identity=7.
+ Pectobacterium carotovorum. YP_003016945. Motif=I N D F S F L. Identity=7.
+ Dickeya dadantii. YP_003334182. Motif=I N D F S F L. Identity=7.

I: + Dickeya zeae. YP_003005036. Motif=I N D F S F L. Identity=7.

E. coli

+ Escherichia coli. NP_414879. Motif=I N D F S F L. Identity=7. <€——m
lac Repressor

+ Shigella sonnei. YP_309313. Motif=I N D F S F L. Identity=7.
+ Shigella dysenteriae. YP_402081. Motif=I N D F S F L. Identity=7.
+ Enterobacter cloacae. YP_003614173. Motif=I N D F S F L. Identity=7.

+ Klebsiella pneumoniae. YP_001338481. Motif=I N D F S F L. Identity=7.

1

— + Enterobacter sp. YP_001175662. Motif=I N D F S F a. Identity=6.

+ Sal lla enterica. YP_001571823. Motif=I N D F S F L. Identity=7.
Citrobacter koseri. YP_001454366. Motif=I N D F S F L. Identity=7.

+ Citrobacter rodentium. YP_003364038. Motif=I N D F S F L. Identity=7.

I + Enterobacter asburiae. YP_004827494. Motif=I N D F S F a. Identity=6.

+ Erwinia billingiae. YP_003742260. Motif=m N D y a i L. Identity=3.

+

Pantoea sp. YP_004116402. Motif=I N D y S 1 L. Identity=5.
4‘_': + Pantoea ananatis. YP_003520745. Motif=I N D y S 1 L. Identity=5.
+ Pantoea vagans. YP_003931565. Motif=I N D y S I L. Identity=5.

+ Enterobacter aerogenes. YP_004593882. Motif=I s D F S F L. Identity=6.

| + Serratia sp. YP_004501682. Motif=I s D F S F i. Identity=5.

| + Serratia sp. YP_004506634. Motif=I s D F S F i. Identity=5.

i

Sodalis gl YP_455432. Motif=I N D F S 1 -. Identity=5.

+ Cronobacter sakazakii. EGL72393. Motif=v N D F S 1 q. Identity=4.
+ Cronobacter turicensis. YP_003208915. Motif=v N D F S 1 q. Identity=4.

Klebsiella variicola. YP_003440858. Motif=v N D F S I q. Identity=4.

+ Yersinia pestis. YP_650334. Motif=v N D F S 1 q. Identity=4.
+ Yersinia pseudotuberculosis. YP_071599. Motif=v N D F S I q. Identity=4.

| + Vibrio harveyi. ZP_06176056. Motif=I N D ¢ a F L. Identity=5.

—

+ Vibrio spl 7ZP_00990252. Motif=I N D g a F i. Identity=4.

ingrahamii. YP_943376. Motif=I N D g a F i. Identity=3.

+ Psychr

273 non-lacl Repressors

FIGURE 5. The correlation between the lac repressor and the B-galactosidase allolactose synthesis motif in microbial genomes. The figure shows part
of alarger tree of repressor sequences, restricted to the one branch of the tree where lac repressors were identified. A node label colored purple and preceded
by a + symbol indicates that a B-galactosidase containing an allolactose synthesis motif was identified in the same genome. The node labels indicate genus,
species, and repressor sequence accession number. Motif lists the residues that align with E. coli lac repressor residues in the order 79, 125, 149, 161, 193, 293,
and 296. Those residues that are conserved with the E. coli protein are capitalized. Identity indicates the total number of the seven residues that are conserved
with the E. coli lac repressor. The complete version of this tree shown in supplemental Fig. 2B, but note in this figure the node labels were colored by different

criteria.

putative lac repressor gene is located close to the B-galactosi-
dase gene as in an operon structure, its identity as a lac repres-
sor is more likely. Among the 32 identified lac repressors, the
majority (23) were in proximity with the matched B-galactosi-
dase gene, either adjacent or within the same operon (as iden-
tified by the sequence annotation). Of the remaining 134 3-ga-
lactosidases without an allolactose synthesis motif, the genomic
organization of a 10% random sampling was examined. None of
these repressors was adjacent to the [(-galactosidase gene,
within the same operon, or within £10 genes on the chromo-
some, consistent with those repressors not functioning in reg-
ulating B-galactosidase expression.

DISCUSSION

LacZ B-galactosidase is a bifunctional enzyme catalyzing the
hydrolysis of lactose to Gal and Glc as well as intramolecular
isomerization of lactose to allolactose. Allolactose induces the
lac operon (2, 3), and its synthesis is important for understand-
ing operon regulation. The rate of intramolecular allolactose
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synthesis can only be significant if the Glc cleaved from the Gal
of lactose (Fig. 1B, E-Gal*Glc) remains bound long enough for
the isomerization reaction to occur (4).

This work begins by mapping the Glc acceptor site of B-ga-
lactosidase. We took a study by Juers et al. (8) as the starting
point. In that investigation weak electron density suggestive of a
Glc was seen when concentrated Glc (500 mm) was added to
crystals of (-galactosidase that had 2-deoxy-Gal covalently
bound to Glu-537. Although the signal for the Glc was too poor
to define binding interactions, the structure showed that the
active site loop was in the closed conformation and that part of
the weak Glc electron density was near a loop residue, Ser-796.
We reasoned that Ser-796 may be involved in binding the Glc
and that loop closure was important to correctly bind this res-
idue. Thus we studied G794A-B-galactosidase, a variant that
favors the closed loop conformation (13). Note that this substi-
tution affects the hydrolytic reaction by reducing the k; (13), a
change also expected to favor trapping intermediates.

VOLUME 288+NUMBER 18-MAY 3, 2013
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When a crystal of G794A-B-galactosidase was incubated
with lactose, an allolactose was in the active site. Presumably
the lactose was converted to allolactose, and the G794 A substi-
tution prevented its release by hindering loop opening. A pre-
vious kinetic study had implied that allolactose was formed
much more slowly with G794A-B-galactosidase than with
native enzyme, and it was suggested that the rate of transgalac-
tosylation (k,; see Fig. 1, Band C) was significantly reduced (13).
However, the results here indicate that allolactose production is
slowed due to strong binding interactions that stabilize the
enzyme-product complex and thereby impede catalysis.

The density defining the Glc moiety of the trapped allolac-
tose was in a similar location as the weak signal for Glc found by
Juers et al. (8). The signal for the Glc of allolactose is, however,
much stronger and allows for identification of the enzyme-Glc
interactions. We argue here that the location of the Glc moiety
of the trapped allolactose defines the position of Glc when it
binds as an acceptor. Several lines of evidence support this.
First, as already stated, the density is in a similar position as the
weak density for Glc with the native enzyme (8). Second, struc-
tures with Bis-Tris and with L-ribose in the putative Glc site
identify precisely the same binding residues. Third, kinetic data
show that replacement of the residues in the postulated binding
site increased the value of the Glc dissociation constant (K;") by
an order of magnitude or more (Table 2). Fourth, the geometry
of the postulated Glc binding, vis 4 vis the C6 hydroxyl and
Glu-461, correctly positions Glu-461 to act as a base catalyst for
allolactose formation. Finally, authentication is provided by the
co-conservation of residues important for binding Glc and the
lac repressor in microbial genomes.

Glc Binding Interactions—Six amino acids interact with Glc
(Fig. 2A). Five (Ser-796, Glu-797, Asn-102, His-418, and Lys-
517) are in position to form H-bonds. The H-bonds with His-
418 and Lys-517 are indirect (via waters), but the distances are
short (~2.7 A), and the geometry is ideal for strong bonds. The
sixth residue, Trp-999, is an important platform of the acceptor
site because its 7 cloud forms C-H+r (30) interactions with the
hydrogens of the C3, C4, and C5 atoms of Glc.

Previous studies with various acceptor monosaccharides
showed that sugars with hydroxyls in a different orientation at
the C3 and/or C4 positions from those of Glc bound poorly
(17). His-418 and Lys-517 interact with the O3 and O4
hydroxyls of Glc (via waters), respectively, and appear to be
responsible for this specificity.

It is interesting that there are strong interactions with the
B-anomeric hydroxyl of allolactose (with Asn-102, Ser-796, and
Glu-797) and no electron density to suggest occupancy of the
hydroxyl in the a-configuration. In addition, the location of
Ser-796 would sterically hinder binding of the a-isomer. It is
also of interest that only the B-anomer of allolactose binds to
the lac repressor (39). The reason that B-allolactose is favored
by both proteins has no conclusive explanation. When B-al-
lolactose is released from the enzyme, it would undoubtedly
mutarotate and not necessarily be in the B-form when it
reaches the repressor. Possibly there are transitive interactions
between B-galactosidase and the lac repressor so that direct
transfer of B-allolactose from B-galactosidase without migra-
tion to bulk water takes place. A protein-protein interaction
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study of E. coli K12 proteins did show that if B-galactosidase is
the “bait,” lac repressor is captured as “prey” (40).

Conservation of the Allolactose Synthesis Motif—The struc-
tural findings led us to propose that 14 residues of 3-galacto-
sidase make up an allolactose synthesis motif. Of 1087 micro-
bial genomes, 197 were identified (supplemental Fig. 24) as
containing B-galactosidases homologous to the E. coli enzyme.
However, the allolactose synthesis motif was only conserved in
53 of these and is confined to one branch of the phylogenic tree
(branch C, supplemental Fig. 24 and Fig. 4). Thus, intramolec-
ular allolactose production does not seem to be a universal fea-
ture of B-galactosidases. In addition to the bioinformatics anal-
ysis, this non-universality was also suggested by crystal
structures of B-galactosidases from Arthrobacter sp. (41) and
Kluyveromyces lactis (42). Structural alignments reveal that the
allolactose synthesis motif residues are not conserved in the
two enzymes and neither enzyme has a structure homologous
to the active site loop of the E. coli enzyme. In E. coli 3-galacto-
sidase, the loop is located between two a-helices. Both the
Arthrobacter sp. and K . lactis enzymes have homologous
a-helices. However, in the Arthrobacter sp. B-galactosidase, the
connection between these a-helices is much longer than the
E. coli loop and extends away from the active site, making its
involvement in catalysis improbable. With the B-galactosidase
from K lactis, the a-helices are connected by only a single
amino acid (Pro-798), not a loop. Functional studies showed
that the K lactis enzyme only synthesizes allolactose at high
(i.e. 1 m) lactose (43) and that this activity depends on the Glc
concentration (44). This reaction is thus intermolecular, not
intramolecular, consistent with the absence of a Glc binding
site. Two other B-galactosidases (ebg B-galactosidase (45) and
Thermoanaerobacterium thermosulfurigenes EM1 [-galacto-
sidase (46, 47)) are known not to synthesize allolactose by intra-
molecular isomerization. Structures of these enzymes have not
been reported, but sequence analysis shows that the allolactose
synthesis motif is missing in both these two 3-galactosidases.

Phylogenetic Analysis of the lac Repressor—Repressors
homologous to the lac repressor (E. coli) are more widely dis-
tributed than B-galactosidases homologous to lacZ B-galacto-
sidase (306 rather than 197 of the 1087 genomes). However,
only 33 of these 306 were identifiable as lac repressors (supple-
mental Fig. 2B and Fig. 5) by the criteria established in this
study. Significantly, with the exception of one endosymbiont
that has undergone massive genome erosion, lac repressors
were only identified in microbes with the allolactose synthesis
motif. Also, lac repressors were not found in the K. lactis or
Arthrobacter sp.”> genomes. The finding that lac repressors
could not be identified in genomes unless residues important
for allolactose synthesis are also present strongly argues that
the allolactose synthesizing residues have been correctly iden-
tified and suggests co-selection of allolactose synthesis and lac
repressors.

Intriguingly, there are p-galactosidases that synthesize
allolactose in organisms without a lac repressor. There are sev-
eral possible explanations. First, gene loss may have occurred.

® As only the genus and not the species was known for the Arthrobacter sp.
enzyme, the entire Arthrobacter genus was searched for lac repressors.
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For example, Escherichia fergusonii does not have a lac repres-
sor even though this organism is located in the midst of a group
of Enterobacteriales that have lac repressors. Allolactose syn-
thesis may have been retained in this 3-galactosidase as a ves-
tigial feature. Second, there may have been horizontal transfer
of the lacZ gene. Six Firmicutes (Fig. 4, branch E) do not have a
lac repressor or indeed any Lacl-GalR family repressor identi-
fiable by the criteria of this study. In the phylogenetic tree, these
Firmicutes form a sub-branch among a larger group of Gam-
maproteobacteria, indicative of horizontal gene transfer. Addi-
tionally, in a branch of mainly marine Gammaproteobacteria
(Vibrionales and Alteromonadales, branch F, Fig. 4) 11 species
contain 3-galactosidases that have the machinery to synthesize
allolactose, whereas a lac repressor was only in 3 of these. Hor-
izontal gene transfer is again suggested as the -galactosidase
phylogenetic trees did not cluster bacteria from the Vibrio
genus together but segregated them into two separate sub-
branches. This analysis is also consistent with a previous study
showing that the lac operon has a complicated evolutionary
history even among closely related Gammaproteobacteria (48).
The data also suggest that the metabolic activity of the lac
operon (i.e. the B-galactosidase enzyme) is more conserved
than the regulatory mechanism (i.e. the lac repressor).

Role of the Active Site Loop—The interactions of the two loop
residues (Ser-796 and Glu-797) with Glc can only occur when
the loop is closed. This indicates that the loop as well as the
residues involved in its opening and closing are required for
intramolecular allolactose synthesis. The studies showing that
the loop and residues important for its opening and closing are
co-conserved with the Glc binding residues strongly supports
this interpretation as does the finding that the lac repressor is
only present in organisms where loop and related residues are
conserved.

It was previously suggested (10-13, 39, 49) that the role of
the active site loop is to stabilize the transition state. The reason
for that supposition was that transition state analog binding is
significantly improved with substituted enzymes that favor the
closed loop conformation. However, in retrospect, even though
transition state analogs bind better, the binding of substrates
decreases by similar factors. So, although an enzyme that favors
the closed loop conformation stabilizes the transition state, the
same loop conformation destabilizes substrate binding (13).
The overall catalytic efficiencies (k_,,/K,,) of these substituted
enzymes thus do not change (10, 12, 13), and no catalytic advan-
tage is gained. A better explanation for the role of the loop is
that loop closure facilitates Glc binding and that transition state
formation is the trigger that induces loop closure.

Thus, it appears that loop closure, which helps form the Glc
binding site, is a key component of transgalactosylation. Vice
versa, it follows that opening of the loop promotes the release of
Glc from the active site and in turn promotes the hydrolytic
reaction. This argument is consistent with crystal structures of
B-galactosidase complexed with transition state analogs. Those
structures show some electron density for the loop in both the
open and closed conformation (8), a finding suggestive of tran-
sient loop closure. Thus, the bifunctional nature of 3-galacto-
sidase depends on the presence of a Glc binding site when the
loop is closed and the loss of the site when the loop opens.
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Allolactose Regulation—1It is not readily apparent why the lac
operon is regulated indirectly by allolactose and not directly by
lactose. Indeed, it has been suggested that glycerolgalactoside, a
B-galactoside found in plants, is the true lac operon substrate
(50, 51). Besides being hydrolyzed by 3-galactosidase, glycerol-
galactoside is a good inducer and binds to the lac repressor
without processing. This theory has been supported by the mis-
conception that allolactose production is a fortuitous or occa-
sional side reaction of 3-galactosidase and not a specific bifunc-
tional reaction. By identifying the Glc binding site and the role
of the loop in allolactose formation as well as the co-conserva-
tion with /ac repressor, this work demonstrates that allolactose
production is not due to chance. The complex adaptations
needed to produce allolactose indicate that the bifunctionality
of B-galactosidase results from selection though evolution and
suggests that it confers a biological advantage. It also follows
that lactose is indeed the natural substrate of the lac operon.
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