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Abstract

Periplasmic expression screening is a selection technique used to enrich high-affinity proteins in
Escherichia coli. We report using this screening method to rapidly select a mutated D-glucose/D-
galactose-binding protein (GGBP) having low affinity to glucose. Wild-type GGBP has an equilibrium
dissociation constant of 0.2 mM and mediates the transport of glucose within the periplasm of E. coli.
The protein undergoes a large conformational change on binding glucose and, when labeled with an
environmentally sensitive fluorophore, GGBP can relay glucose concentrations, making it of potential
interest as a biosensor for diabetics. This use necessitates altering the glucose affinity of GGBP, bringing
it into the physiologically relevant range for monitoring glucose in humans (1.7–33 mM). To accomplish
this a focused library was constructed using structure-based site-saturation mutagenesis to randomize
amino acids in the binding pocket of GGBP at or near direct H-bonding sites and screening the library
within the bacterial periplasm. After selection, equilibrium dissociation constants were confirmed by
glucose titration and fluorescence monitoring of purified mutants labeled site-specifically at E149C
with the fluorophore IANBD (N,N9-dimethyl-N-(iodoacetyl)-N9-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)
ethylene-diamine). The screening identified a single mutation A213R that lowers GGBP glucose
affinity 5000-fold to 1 mM. Computational modeling suggested the large decrease in affinity was
accomplished by the arginine side chain perturbing H-bonding and increasing the entropic barrier to the
closed conformation. Overall, these experiments demonstrate the ability of structure-based site-
saturation mutagenesis and periplasmic expression screening to discover low-affinity GGBP mutants
having potential utility for measuring glucose in humans.
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Combining targeted mutagenesis (Lutz and Patrick 2004;
Chockalingam et al. 2005; Yuan et al. 2005; Reetz and
Carballeira 2007) with a rapid screening method (Olsen
et al. 2000; Arnold and Georgiou 2003; Hoogenboom 2005)
can be an efficient way to identify affinity-modified
proteins (Parikh and Matsumura 2005). However, screen-
ing even relatively small libraries can be demanding,
making the choice of screening methods especially
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important. One method, periplasmic expression with cyto-
metric screening (PECS), was used previously to select
scFv antibodies with increased affinity to digoxigenin
(Chen et al. 2001). For the selection scFv’s were expressed
in bacteria and secreted into the periplasmic space as
soluble proteins then challenged with fluorescently tagged
digoxigenin. In bacteria small molecules can freely equili-
brate between the periplasm and the external environment
via channels in the cell wall called porins. During the
screening, bacteria that more extensively concentrated the
ligand due to its interaction with the scFv were selected by
flow. This technique continues to evolve, and more recently
‘‘E-clonal’’ screening was reported where full-length anti-
bodies were secreted into the periplasm for selection
(Mazor et al. 2007).

Like most other screening methods (Brannigan and
Wilkinson 2002; Fernandez-Gacio et al. 2003) PECS was
performed with the goal of enriching proteins having
increased ligand affinity. Generally, increases in affinity
are large enough for the generated signal to be easily
detected over both binding to the recombinant parental
protein and nonspecific binding. However, if screening is
used to select a low-affinity mutant, then ligand uptake
into the periplasm will be decreased compared to that of
the recombinant parental protein. It is rarely desired to
identify a low-affinity protein from a library, but, when it
is, one solution is to eliminate the larger population of
mutants having high affinity for the ligand, thus leaving
behind the desired mutants. To make this strategy suc-
cessful, the ability to quantify the signal generated by
the binding event and the assay’s sensitivity must be
thoroughly characterized prior to selection. This was the
challenge with selecting a low-affinity glucose/galactose-
binding protein (GGBP) using periplasmic expression
(PE) screening (Amiss et al. 2006).

GGBP is a glucose transport protein from the family
malG of Escherichia coli (Boos and Gordon 1971). The
wild-type (wt) protein has a glucose affinity of 0.2 mM
(Vyas et al. 1988) and has been characterized as having
simple kinetic behavior (Miller III et al. 1983). In nature
GGBP exists in the periplasm of E. coli where it binds
one molecule of D-glucose or D-galactose transporting it
to the membrane-bound Trg receptor (Vyas et al. 1987).
GGBP has been crystallized in both the closed ligand-
bound (Vyas et al. 1988) and open ligand-free forms
(Borrok et al. 2007) and is comprised of two globular
domains connected by a hinge region (Fig. 1). On binding
a large conformational change occurs (31° hinge move-
ment) and the two domains close to entrap glucose (Boos
et al. 1972; Vyas et al. 1987; Quiocho and Ledvina 1996;
Borrok et al. 2007). When site-specifically labeled with
an environmentally sensitive fluorophore, GGBP gener-
ates a signal that can be used to quantify glucose (Tolosa
et al. 1999; Salins et al. 2001; De Lorimier et al. 2002).
This makes the protein potentially useful as a detection
chemistry for monitoring glucose in diabetics (Hellinga
and Marvin 1998). However, because the wt protein
would be saturated at blood glucose concentrations
typically monitored for diabetes (1.7–33 mM), (Sacks
et al. 2002), the glucose affinity of GGBP had to be
significantly lowered.

Our goal was to discover a GGBP with low affinity to
glucose using structure-based site-saturation mutagenesis
(Parikh and Matsumura 2005; Reetz and Carballeira
2007) to create a focused library that could be screened
in the bacterial periplasm. This strategy enabled rapid
evaluation of glucose affinity without the necessity of
purifying and fluorescently labeling each mutant. During
the experiments PE screening efficiently eliminated 98%
of the population, selecting only mutants having apparent

Figure 1. The structures of GGBP in the open (2FW0.pdb) and closed (2FVY.pdb) state. The 34-kDa protein has two large domains

connected by a hinge region. On glucose binding a large conformational change (31°) occurs, bringing the two domains together and

entrapping glucose (Borrok et al. 2007).
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affinities near human physiological glucose concentrations.
These mutants were then purified, fluorescently labeled,
and characterized for glucose binding. This process suc-
cessfully selected the A213R mutation that reduces glucose
affinity 5000-fold, producing an equilibrium dissociation
constant for E149C/A213R of 1 mM (Amiss et al. 2003).
This mutant was then further modified to yield E149C/
A213R/L238S (Kd ¼ 10 mM). Overall, these results
demonstrate the utility of structure-based site-saturation
mutagenesis and PE screening to rapidly identify GGBP
mutants with low affinity to glucose.

Results

Screening strategy to identify mutants with low affinity
to glucose

The library was created by randomizing 16 amino acids in
the binding pocket of GGBP. Screening parameters were
developed resulting in a selection process where E. coli
expressing mutants having strong glucose affinities
were eliminated in the first round. The second round
enriched E. coli near the detection limit (LOD) of the
screening assay and in the third round only E. coli that
were determined to be expressing recombinant GGBP
were selected. These mutants were then DNA-sequenced,
expressed, purified, labeled with the fluorophore
IANBD (N,N9-dimethyl-N-(iodoacetyl)-N9-(7-nitrobenz-
2-oxa-1,3-diazol-4-yl)ethylenediamine), and fully char-
acterized for glucose affinity and fluorescent response.

Determination of screening parameters using purified
GGBP mutants

The ability to remove nonspecific binding was deter-
mined using purified mutants in a glucose-binding assay.
The GGBP mutant H152C was immobilized through the
His-tag onto a Co2+ surface. This protein, when labeled
with IANBD, has a glucose affinity of 134 mM (De
Lorimier et al. 2002) and, although the unlabeled affinity
has not been reported, it is expected to be between the
range of wt and labeled affinities (0.2–134 mM). The
amount of protein bound to the resin was well below the
resin’s capacity; therefore, it was assumed that the H152C
density was low enough to ensure that all the protein had
equal access to glucose. Next, we challenged the immo-
bilized H152C with a 10 mM glucose solution containing
0.1% tritiated (3H)-glucose. The total amount of glucose
added was well in excess of the molar amount of GGBP
immobilized and was 50-fold greater than the 0.2 mM wt
equilibrium constant. This was done so that H152C would
have ;50% fractional occupancy. To remove nonspecific
binding a single wash step was tested over the range of
0.2–0.5 mL. Then the GGBP-bound 3H-glucose was

counted and graphed (Fig. 2A). This demonstrated that
a single 0.4-mL wash was adequate to remove 81% of
the 3H-glucose nonspecifically bound to H152C. The
remaining 3H-glucose was believed to be specifically
bound.

Next, the amount of protein needed to obtain a large
differential signal between proteins having high and low
affinity to glucose was determined. Increasing amounts
(0.2–3 nmol) of either H152C or W183C-acrylodan were
immobilized and challenged with the glucose/3H-glucose
solution. When labeled with the fluorophore acrylodan,
GGBP W183C has a glucose affinity of 6 mM (De
Lorimier et al. 2002). During the experiment, as the
amount of immobilized H152C increased, there was a
large increase in the counts of bound 3H-glucose prior to
a signal decline (Fig. 2B). We suspected this decline was
due to the immobilized H152C becoming too concen-
trated on the resin and thereby interfering with glucose
binding. Alternatively, a decline of this sort could have
been caused by an exhaustion of the glucose supply;
however, the glucose concentration was well in excess at
all times during the experiment. In comparison, W183C-
acrylodan demonstrated only a slight increase (6%) in
bound glucose. This suggested that the weak glucose
affinity of this mutant prevented specific binding to
glucose at the 10 mM glucose concentration. The 6%
signal increase for W183C-acrylodan was probably due to
nonspecific glucose binding. The greatest signal differ-
ence between H152C and W183C-acrylodan was 13-fold
(52% versus 4%) at 2 nmol of protein and this was chosen
as the sample size for screening.

To test the ability of the assay parameters above to
estimate the equilibrium dissociation constant for H152C,
the protein (2 nmol) was immobilized and incubated with
increasing amounts of cold glucose containing a constant
3H-glucose concentration (Fig. 2C). This experiment
determined a glucose affinity of 0.3 6 0.05 mM for
H152C, which is within the range of 0.2–134 mM.
Together these results suggested that the assay parameters
as determined could be used to distinguish high- and low-
affinity mutants in the purified form. This would enable
the elimination of the high-affinity recombinant parental
proteins from the library. However, our goal was to
rapidly screen GGBP mutants when located within the
periplasm. It was unclear whether mutants with strong
glucose affinity expressed and unpurified within the
periplasm could be selectively eliminated.

Determination of screening parameters in E. coli

Using purified proteins it was demonstrated that 2 nmol
of GGBP was needed to produce a differential signal of
13-fold between mutants having high and low affinity to
glucose. Using that information, the amount of E. coli
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Sg13009 cells needed to express 2 nmol of recombinant
GGBP after induction was determined. First, bacterial
culture was induced to express H152C, then 0.25–1 mL
was pelleted and lysed using 100 mL lysis solution. A
fraction of the lysate (5 mL), along with known amounts
of purified H152C, was analyzed by SDS-PAGE (Fig.
3A). After staining, the protein signal was quantified and
the data graphed. The purified H152C showed that 20
pmol (1/100 of 2 nmol) of H152C produced Phosphor-
Imager counts of 303,678 (Fig. 3B). This number was
then used to back-calculate the amount of E. coli needed
to produce an equivalent amount of H152C (Fig. 3C). This
suggested that, after a 2-h induction, a 0.5 mL (5 mL 3

100-fold dilution) aliquot of culture at an optical density

(OD600 ¼ 1.5) would produce 2 nmol of H152C. For
screening it was assumed that the library population would
express protein with approximately the same yield, and 0.5
mL of culture with an OD600 ¼ 1.5 was used as the sample
size throughout screening.

The Sg13009 strain of E. coli used for protein expres-
sion produced endogenous GGBP and it was important to
determine if the level of native protein expressed would
interfere with the screening process. Both induced and
noninduced bacteria were grown, then 0.5 mL fractions
from both cultures were removed and analyzed by SDS-
PAGE (Fig. 4A). The amount of H152C protein expressed
in each bacterial sample was compared by visual inspec-
tion to purified H152C run side-by-side. By visual

Figure 2. Experiments were performed to establish screening parameters using purified proteins immobilized on Co2+ resin and

challenged with a 10 mM glucose/3H-glucose solution. (A) By titrating the wash solution it was determined that 0.4 mL of DPBS

removed 81% of the 3H-glucose from immobilized H152C. (B) The amount of purified protein needed to produce a large differential

signal between the high-affinity H152C and W183C-acrylodan (Kd ¼ 6 mM) was determined. The graph demonstrates that at 2 nmol

of H152C there was a 13-fold signal increase over W183C-acrylodan. (C) Using the conditions above, immobilized H152C

was challenged with 3H-glucose solution spiked with increasing amounts of cold glucose and determined a glucose affinity of

0.3 mM 6 0.05.
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inspection no distinct 34-kDa band was apparent in the
noninduced sample. When quantified (Fig. 4B) the non-
induced signal (145,054 with background correction) had
at least 24-fold less counts than the induced sample
(3,430,761). This suggested that there was insignificant
endogenous GGBP protein expressed in this E. coli strain
and implied any wt GGBP expressed would have a
negligible effect on screening and selection.

Next, it was determined whether the expressed H152C
in the periplasm could bind glucose and be detected under
screening conditions. Samples (0.5 mL) from both
induced and noninduced bacteria were challenged with
10 mM glucose/3H-glucose, washed, and the remaining
3H counts were quantified. The results demonstrated that
E. coli expressing a mutant having high affinity to
glucose such as H152C generated a significantly larger
(5.6-fold) signal than noninduced E. coli (Fig. 4C). The

LOD of 3422 3H counts generated by the noninduced
bacterial sample was used for screening. Setting the LOD
to this level would conservatively select all colonies
expressing mutants having low affinity for glucose.
During induction antibiotic selection was used, and
bacteria without an expression plasmid were expected
to be eliminated.

Library creation using structure-based
site-saturation mutagenesis

To generate the library, structure-based site-saturation
mutagenesis was used to randomize amino acids in the
binding pocket of GGBP at or near the glucose contact
sites as identified by X-ray crystallography (Vyas et al.
1994). In total 16 amino acids were mutated and the
library was designed so that there would be only 2–3

Figure 3. Determination of the amount of E. coli used for screening. (A) The Sg13009 strain of E. coli was induced and the lysate

analyzed by SDS-PAGE along with known amounts of purified H152C (34 kDa). (B) PhosphorImager was used to quantify the H152C

bands and the data were graphed. Arrows are drawn from the 20-pmol amount of H152C (1/100 of 2 nmol) to intersect the linear

transformation and then to the corresponding number of counts on the Y-axis. (C) The amount of E. coli needed to produce 2 nmol of

H152C was estimated. The counts produced by the purified protein were used to determine the corresponding volume of E. coli culture

(0.5 mL) needed to produce 2 nmol of H152C.
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amino acids randomized in the GGBP open reading frame
(ORF) at any one time. This created a focused library
having a diversity of ;32,200 and, because of the small
number of mutations per gene, should produce mostly
functional GGBP variants. In addition to the randomized
amino acids, mutation E149C was placed in each mutant
for site-specific fluorophore conjugation after protein
purification. The E149C mutant exhibits a wild-type
glucose affinity (De Lorimier et al. 2002; Amiss et al.
2003; Hsieh et al. 2004) and did not interfere with
screening for low glucose affinity.

Library screening to enrich low-affinity GGBP

Initially, a small number of transformants (120) from the
library were challenged with glucose/3H-glucose, then
washed and counted. In the first round, colonies having
counts near the H152C control sample, and thus considered
high-affinity binders, were eliminated. Those remaining
went to the second round where colonies were selected near
the LOD (3422 CPM) for the assay. Overall, in two rounds
of screening, 90% (108) of the colonies were eliminated
due to strong glucose affinity. The 12 remaining colonies
were analyzed by SDS-PAGE to confirm GGBP expression.
This identified eight colonies that did not express a strong
34-kDa GGBP band, and these colonies were eliminated
from further analysis. Additionally, of the four remaining
candidates, one mutant ran at a slightly higher molecular
weight and was also eliminated from further consideration.
Of the three remaining colonies, DNA sequencing con-
firmed that two expressed mutant E149C/N256S, and a
single colony expressed mutant E149C/A213R. Next, the
glucose equilibrium dissociation constants were determined
for these two mutants.

Determination of glucose affinity of the selected
GGBP mutants

The selected mutants E149C/A213R and E149C/N256S
were purified and labeled at the E149C site with the
fluorophore IANBD. A binding curve was generated by
glucose titration confirming that E149C/A213R had a
glucose affinity equal to 1 mM and produced a sevenfold
increase in fluorescence at saturation (Fig. 5A). Mutant
E149C/N256S did not reach saturation at 100 mM glucose
and had only a twofold increase in fluorescence at 100 mM
glucose (data not shown). This mutant was eliminated from
further testing due to its very weak glucose affinity.

Overall, the screening had successfully identified the
A213R mutation as having a glucose affinity near the
human physiologic range. To decrease the glucose affin-
ity further, a third mutation was added to E149C/A213R.
During previous experiments to identify dye conjugation
sites, a mutation L238S was shown to produce a moderate
glucose affinity (Kd ¼ 0.08 mM). By adding the L238S
mutation to E149C/A213R, the triple mutant E149C/
A213R/L238S having a glucose affinity of 10 mM (Fig.
5B) was created (Amiss et al. 2003). This mutant retained
the large increase in fluorescence on binding, making it a
good candidate for monitoring glucose concentration by
tracking the fluorescent signal.

Discussion

The purpose of this study was to identify GGBP mutants
having low affinity to glucose. This was accomplished by

Figure 4. Testing GGBP binding of a 3H-glucose solution in bacteria.

(A) Known amounts of purified H152C were analyzed by SDS-PAGE and

compared to a 5 mL aliquot from 0.5 mL of bacteria that had been lysed

into 100 mL. The bacteria from both induced and noninduced samples

were run side-by-side. (B) With background correction the noninduced

sample signal was ;24-fold less than the induced. (C) Induced and

noninduced E. coli samples were run through the screening protocol.

The induced sample demonstrated 5.6-fold greater signal than the non-

induced.

Low-affinity GGBP mutant for glucose biosensor

www.proteinscience.org 2355



constructing a library using structure-based site-satura-
tion mutagenesis and PE screening. This screening
method was considered ideal for a GGBP library since
this protein functions in nature in the bacterial periplasm
and there was little concern over proper functioning or
transport into the space via the N-terminal signal
sequence. Overall, the method rapidly identified a GGBP
mutant having low affinity to glucose.

The GGBP mutant A213R was identified by screening
only 120 bacteria on the benchtop without the aid of flow
cytometry. To enable flow a fluorescently labeled ligand
was needed but was difficult to obtain due to the simple
molecular structure of glucose. Even if available, glucose
with a conjugated fluorophore may have prevented the
molecule from comfortably fitting into the binding pocket
of GGBP and could have interfered with screening.
Another alternative to enable automated screening was
the construction of a GGBP-fluorescent fusion protein.
These fusions have been shown to produce fluorescent
resonance energy transfer on binding glucose (Ye and
Schultz 2003; Amiss et al. 2005; Deuschle et al. 2005),

which could have conceivably been used in sorting.
However, the straightforward approach using 3H-glucose
to detect binding was attempted first without the added
complexity of constructing fusions.

During screening several measures were taken to
increase the chance of success. First, screening parame-
ters such as the ability to detect specific binding and the
assay’s sensitivity were rigorously established. Second,
few mutations were made in the GGBP ORF. The intent
was to retain the ability to bind glucose in the majority
of library components since, generally, as the average
number of mutations increases, function decreases expo-
nentially (Drummond et al. 2005). Remarkably, a single
mutation at A213R reduced the affinity of GGBP 5000-
fold. It is interesting to note that the A213R is near the
glucose-GGBP H-bonding site at M214. The majority of
the mutations constructed (13/18 or 72%) including the
N256 were direct H-bonding sites, while the rest (28%)
including A213 were residues adjacent to H-bonds. The
mutation at N256S almost entirely abolished glucose
binding, and a homology search (BLASTP) of glucose
or putative glucose-binding proteins from other prokary-
otic organisms revealed that N256 is a highly conserved
asparagine. A consensus alignment of 34 homologous
proteins showed that conservation of N256 site extends
over all 34 proteins examined, whereas the A213 residue
was conserved only through the first 14 most homologous
proteins and then changed to a glycine, serine, or
glutamine. Overall, this indicated that the conserved
nature of targeted residues is also an important consid-
eration during the library construction.

The reason for E149C/N256S mutant’s loss of glucose
binding even at 100 mM glucose was not pursued. It was
suspected that the protein may have been incorrectly
folded or had lost specificity to glucose. Although not
completed, nondenaturing electrophoresis or an abnormal
thermal melting temperature by either circular dichroism
(CD) or isothermal calorimetry could have provided evi-
dence for improper folding of this mutant. Loss of
glucose specificity was also untested in E149C/N256S
as an alternative explanation for the inability to reach
glucose saturation. However, glucose specificity was
thoroughly characterized in the E149C/A213R/L238S
mutant and it was found to be highly specific for glucose
with little interference caused by sugars such as fructose
or sucrose or sugar-alcohols like sorbitol (M. Sistare,
unpubl.). Additionally, the mutant could specifically bind
glucose in human sera and, although GGBP still binds
galactose, negligible amounts of this carbohydrate are
found in humans.

Due to the desirable characteristics of E149C/A213R/
L238S no further screening was attempted. Overall, the
selection identified a single low-affinity mutant in the first
120 mutants tested. In contrast, the percent of selected

Figure 5. Determination of glucose affinity for the selected mutant. (A)

Purified and IANBD-labeled E149C/A213R was challenged with increas-

ing concentrations of glucose, and the fluorescence response was graphed.

This demonstrated a Kd equal to 1 mM and a sevenfold fluorescent

response. (B) The glucose affinity of the E149C/A213R/L238S mutant was

determined in the same manner and demonstrated an eightfold increase in

fluorescence and Kd equal to 10 mM.
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mutants not expressing GGBP (8/120 or 6.6%) was
significantly greater. The selection of these bacteria was
related to how the LOD was set, since there was no differ-
entiation between very low-affinity mutants and bacteria
that did not express GGBP. To attempt to minimize the
occurrence of non-GGBP-expressing clones, antibiotic
selection was used during induction. However, since
several were still selected, these transformants may have
suffered from premature termination of transcription, a
mutation in the T5 promoter of the expression plasmid, or
alternatively the bacteria may have experienced segregation
and compensatory mutations (Dahlberg and Chao 2003).

In addition to the unexpected selection of non-GGBP-
expressing clones, it is interesting to note that DNA
sequencing of the A213R mutation revealed that the
codon for the arginine was an AGA which has only
4.3% usage in gram-negative bacteria (Ellington and
Cherry 1997). Replacement of this amino acid with a
more frequently used arginine codon, such as CGC, may
have made the protein expression more efficient. How-
ever, at no time during the testing of this mutant was it
determined that the highly purified protein ($90% pure
by high-performance liquid chromatography) contained
truncated or large amounts of nonfunctional protein.
Regardless, codon bias in E. coli as well as the presence
of possible stop codons should also be considered during
library design. Another notable aspect of the selection
was that primers producing the A213R and N256S
mutations were expected to produce clones having three
and two randomizations, respectively. However, each of
the selected clones contained only a single mutation
produced by randomization. The efficiency of the ran-
domizations for all primers was determined by sequenc-
ing 60 clones from the library. Out of the 60 sequences,
six clones had only two mutations and one clone had a
single mutation. This indicated that overall ;11.7% (7/
60) of the clones had fewer than the expected number of
randomizations. Since Taq polymerase was used with no
error-correcting ability, it was suspected that loss of
codon randomization was probably due to improper
primer annealing. It was also possible that clones having
greater numbers of mutations may have been deselected
at the stage of E. coli transformation and colony picking
from agar plates. If the larger, more robustly growing
colonies were picked from the plate, it was conceivable
these may have been clones with fewer mutations.

Although site-saturation mutagenesis and library con-
struction can be somewhat challenging, the process did
successfully identify the A213R mutation by screening a
relatively small number of clones. It would have been
interesting to test the ability of ‘‘alanine scanning’’
(Cunningham and Wells 1989) to produce a mutant
having low glucose affinity yet high glucose specificity.
If successful, the systematic replacement of the H-bonds

with alanine would have been the most efficient method
of reaching our goal. The randomization, however, did
allow for the incorporation of residue side chains and
it was suspected that the side chain of the arginine at
A213R played a significant role in affinity modification.
Computer modeling was used to investigate how A213R
altered glucose binding. Models of the open and closed
forms of GGBP were analyzed using a genetic algorithm
conformational search. The analysis of the A213R sub-
stitution in the open form (glucose-free) model produced
20 conformers, and in the majority of these A213R
formed salt bridges or H-bonds to adjacent residues. In
contrast, only a single conformer was obtained for A213R
in the closed form where the arginine side chain adopts a
relatively linear conformation and is constrained by
adjacent residues. Together this suggests that entropic
barriers must be overcome going from the open to the
closed form with this residue. In effect, the bulky arginine
side chain is inhibiting the GGBP from closing as
compared to the native alanine residue and shifts the
equilibrium between the open and closed forms in favor
of the open form. This in turn weakens binding affinity, a
mechanism first proposed by Hellinga (Marvin and
Hellinga 2001).

In conclusion, these experiments demonstrated that
structure-based site-saturation mutagenesis combined
with periplasmic expression screening can be used to
efficiently select for lower affinity. The selection process
readily identified mutation A213R that was the basis for
the triple mutant E149C/A213R/L238S. Overall, this is
one of the few examples of performing screening where
significantly decreased ligand affinity is desired. Addi-
tionally, this work contributed to the development of a
glucose biosensor based on GGBP sensing.

Materials and Methods

GGBP cloning

Plasmid pTZ18R has the MglB gene from E. coli strain JM109.
The 1.0-kb fragment of the GGBP gene was amplified from
pTZ18R and ligated into pQE70 (Qiagen). This created a C-
terminal histidine-tag that is wt in sequence except for a lysine-
to-arginine change at amino acid 309 and the addition of a serine
at position 310. This construct was designated pGGBP. All
proteins used in the study were histidine-tagged, contained an
E149C mutation for dye conjugation, and were confirmed by DNA
sequencing at the University of North Carolina Sequencing
Facility.

GGBP protein expression and purification

GGBP was expressed from E. coli strain Sg13009 following
standard protocols (Qiagen). After induction, bacteria were
lysed using Bugbuster protein extraction reagent (Novagen)
and purified using Talon Co2+ resin (BD Clontech). The purified
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protein in solution was filtered through a 100 kDa cutoff filter
(Amicon Bioseparations) to remove aggregates and then con-
centrated using a 10-kDa cutoff filter (Amicon Bioseparations).
The protein (1–2 mg/mL) was dialyzed at 4°C into a phosphate-
buffered saline solution (pH 7.4) containing calcium and
magnesium (DPBS), then stored at 20°C. Under these conditions
the protein was active for at least six months. The yield from the
purification was ;140 mg/L.

Site-saturation mutagenesis

The GGBP library was constructed by randomizing codons at
or near the H-bonding sites at the protein-glucose interface.
Mutations were generated in the pGGBP construct by a
modified QuikChange method (Stratagene) (Hogrefe et al.
2002; Kretz et al. 2004; Zheng et al. 2004). Using a standard
reaction mixture, PCR was performed using primer pairs having
randomized nucleotides NNK (where N ¼ A, C, G, or T, and
K ¼ G or T) at the appropriate locations. After PCR, the product
was digested with DpnI and then a second PCR reaction was
performed directly on the first PCR product using primers that
placed a cysteine at position 149, creating the mutant E149C.
This second PCR reaction corrected base-pairing for the
randomized amino acid. Using the standard reaction mixture,
randomization was performed using primer pairs (forward
primers are given): 59-TGTAACAATCVNNAAGTACGACVN
NAACVNNATGTCTGTAGTGC-39, 59-TGGTTTTCTTCVNN
VNNGAACCGTCTCG-39, 59-TACTACGTTVNNVNNGACVN
NAAAGAGTCCG-39, 59-TTGTCCGGGCVNNCCGVNNGCA
GAAGCAVNNACCACTTAGTG-39, 59-TGGTTATCGCCVNN
VNNGATVNNATGGCAATGGG-39, 59-GGTGTTTGGCVNNV
NNGCGVNNCCAGAAGCGC-39, 59-ACCGTACTGVNNGAT
GCTAACAACVNNGCGAAAGCG-39 (where N ¼ A, T, C, or
G and V ¼A, C, or G).

Immobilized GGBP binding assay

A competitive binding assay using 68 mg (2 nmol) purified
GGBP proteins immobilized on 100 mL Co2+ resin (BD
Clontech) was used in the development of the periplasmic
screening assay. Mutants were immobilized and challenged
with 0.1 mL of a 10 mM glucose solution containing 0.01 mCi
of 3H-glucose (New England Nuclear). After incubation (5 min)
the excess glucose solution was removed and protein was
rapidly washed with 0.4 mL of the wash buffer (DPBS). The
immobilized protein was eluted using 0.03 mL of imidazole
solution (0.2 M imidazole in DPBS) placed in scintillation fluid
and quantified (LS 6500 Scintillation Counter, Beckman).

SDS-PAGE analysis

Proteins were separated by 10% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) following standard
procedures (Ausubel et al. 1998) and then stained using SYPRO
Orange (Amersham Biosciences). After staining, protein was
quantified using a Typhoon PhosphorImager (Molecular Dynamics).

Periplasmic screening assay

To quickly screen libraries individual colonies were grown and
induced to express the GGBP mutants. Then 0.5 mL of each
colony was pelleted and washed twice with 1 mL DPBS for 15
min to remove any growth media that might contain glucose.

The bacteria were then resuspended in 10 mM glucose solution
containing 0.01 mCi of 3H-glucose and incubated for 5 min. The
bacteria were pelleted, quickly rinsed with 0.4 mL of DPBS, and
re-pelleted. The bacteria were resuspended in 0.03 mL of DPBS
placed in scintillation fluid and counted.

Fluorescence assay

For mutants selected by periplasmic screening, a fluorescence
assay (Zhou and Cass 1991) was used to determine glucose
affinity. Conjugation of the protein to the fluorophore N,N9-
dimethyl-N-(iodoacetyl)-N9-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)
ethylenediamine (IANBD amide) was performed as described by
the manufacturer (Molecular Probes). Briefly, 0.5 mL of purified
protein (1–2 mg/mL) was treated with 2.5 molar excess of
dithiothreitol for 30 min. Then a 10-fold molar excess of freshly
prepared solution of IANBD in DMSO (0.5 mg/100 uL) was
added. While protected from light, the protein and dye were gently
mixed for 4 h at 25°C before the unreacted dye was removed by
NAP-5 size exclusion column chromatography (Amersham Bio-
sciences). The efficiency of the coupling was determined by
absorbance:

Ax

e
*

MWp

mgp=ml
¼ moled

molep

where Ax is the absorbance value of the dye at the absorption
maximum wavelength, e is the molar extinction coefficient of
the dye at the absorption maximum. MWp, mgp/mL, and molep

are the molecular weight, concentration, and molar amount of
the protein. The molar amount of dye is moled. Using this
labeling method, the coupling efficiency should range from 0.95
to 1.1 moles dye to moles protein. An efficiency of >1 indicates
that either there is free-dye in the solution or nonspecific
labeling occurred. Generally, efficiencies were near 1.0 and
the more common issue was free-dye, which could be removed
by dialysis. Binding constants were determined by titration of
increasing concentrations of glucose into a solution of 0.1 mM
protein in PBS (phosphate-buffered saline) and monitoring the
change in fluorescence. The samples comprising the standard
curve were each made separately and read (without polarizers)
in a cuvette at excitation 478 nm and emission 541 nm at room
temperature (25°C). The Kd was determined from the following
relationships as adapted from Pisarchick and Thompson (1990):

F ¼ Finf þ
F0 - Finf

1þ x=Kd

where F is fluorescence intensity, Finf is fluorescence at infinity,
F0 is fluorescence at zero glucose, and x is the free concen-
tration of glucose ([Glc]free) as determined by the relationship

½GLc�free¼

½GLC�tot-½Prot�tot-Kdþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð½Glc�tot-½Prot�tot-KdÞ2þ4*½Glc�tot*Kd

q

½GLc�free¼

½GLC�tot-½Prot�tot-Kdþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð½Glc�tot-½Prot�tot-KdÞ2þ4*½Glc�tot*Kd

q

2
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where [Glc]tot and [Prot]tot are the total concentrations of
glucose and protein, respectively. Additionally, fold-change in
fluorescence was determined by dividing the fluorescence
emission at glucose saturation (100 mM) by the fluorescence
emission in the absence of glucose at a constant protein
concentration (0.1 mM).

Conformational analysis

Genetic algorithm conformational searches were performed in
Sybyl (Tripos) on mutant GGBP structures based on 2GBP.pdb
(Protein Data Bank) for the closed form and an open form
homology model based on ribose-binding protein. Bonds in the
side chains at the mutation sites were defined as rotatable while
the rest of the protein was treated as a rigid structure. Explicit
hydrogens were used and Gasteiger charges were applied. The
default settings in Sybyl were employed for the energy calcu-
lation, i.e., nonbonded cutoff ¼ 16 Å, H-bond radius scaling ¼
0.07, dielectric distance function, hydrogen van der Waals
(vdW) radius ¼ 1.5 Å, hydrogen vdW force constant ¼ 0.042.
For the genetic algorithm, a population of 100 was employed for
5000 generations with a selection pressure of 1.2. The duplicate
window was set to 20° instead of 60°.
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