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Abstract

RG13 is an engineered allosteric b-lactamase (BLA) for which maltose is a positive effector. RG13 is a hybrid protein between TEM1
BLA and maltose-binding protein (MBP). Maltose binding to MBP is known to convert the open form of the protein to the closed form
through conformational changes about the hinge region. We have constructed and genetically selected several variants of RG13 modified
in the hinge region of the MBP domain and explored their effect on b-lactam hydrolysis, maltose affinity and maltose-induced switching.
Hinge mutations that increased maltose affinity the most (and thus presumably close the apo-MBP domain the most) also abrogated
switching the most. We provide evidence for a model of RG13 switching in which there exists a threshold conformation between the
open to closed form of the MBP domain that divides states that catalyze b-lactam hydrolysis with different relative rates of acylation
and deacylation.
� 2005 Elsevier Inc. All rights reserved.
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Enzymes whose activity is modulated by an analyte can
be used as molecular sensors for the detection of that ana-
lyte. It is thus an important goal of biotechnology to create
enzymes whose activity is modulated by analytes of our
choosing. One approach for detecting protein analytes is
to replace surface loops of an enzyme with an antibody epi-
tope such that antibody binding to this epitope modulates
enzyme activity [1,2]. For example, the phage display of a
TEM1 b-lactamase (BLA)1 library with randomized sur-
face loops has been applied to identify a BLA variant that
is regulated by a monoclonal antibody against the prostate-
specific antigen and thus useful as a signaling molecule for
the detection of the prostate-specific antigen in a competi-
tive assay [3]. An alternate strategy is to directly couple the
analyte detecting domain and the enzyme activity by gene
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fusion, but the challenge is how to combine two proteins
in a manner that couples their functions.

Recently, a handful of studies have shown how domain
insertion can be used to couple two proteins� functions [4].
For example, domain insertion was used to engineer an
allosteric b-lactamase (RG13) for which maltose is a posi-
tive, heterotropic effector [5]. RG13 was identified from a
combinatorial library in which randomly circularly per-
muted variants of the gene coding for BLA were randomly
inserted into the gene for Escherichia coli maltose-binding
protein (MBP). In RG13, the original N- and C-termini
of BLA are joined by a GSGGG peptide linker, and the
BLA domain is circularly permuted between residues 226
and 227. This circularly permuted variant is inserted into
MBP in place of MBP residue 317. In the presence of sat-
urating concentrations of maltose, RG13 has kinetic
parameters for nitrocefin (NCF) hydrolysis that are essen-
tially the same as BLA. In the absence of maltose, the
kinetic properties are compromised (kcat is threefold lower
and Km is eightfold higher). The dissociation constant (Kd)
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Fig. 1. Ribbon diagrams of the structure of maltose-binding protein
(MBP). (A) Apo open-form (1OMP) [7] and (B) maltose-bound closed
form of MBP (3MBP) [8]. The two globular domains are shown in blue
and green and the two b-sheets and one a-helix that span the hinge region
are shown in pink. Four amino acid residues (A96, I329, A301, and A319)
located in hinge region of MBP or its vicinity are shown in red. The site of
insertion of BLA into MBP in RG13 is shown in yellow. Maltose is shown
in white. Amino acid numbers correspond to that of MBP and not RG13.
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of RG13 and maltose is 5 mM in the absence of substrate.
The Kd for maltose in the presence of saturating amounts
of the BLA substrate carbenicillin is fivefold lower, indicat-
ing that maltose binding and substrate binding are coupled
functions. Thus, maltose binding modulates the catalytic
properties of RG13 by affecting substrate binding and the
rates of the chemical steps. Recently, BLA–MBP switches
with even larger changes in activity upon maltose binding
have been created [6]. These switches consist of different
circular permutations of BLA inserted in place of MBP res-
idue 317.

Maltose-binding protein exists as a single polypeptide
chain protein with two globular domains connected by a
hinge region [7]. This hinge region is comprised of a two-
stranded b-sheet and a short a-helix (positions 305–313). A
conformational change (a 35� bending) occurs about this
hinge upon maltose binding, converting the protein from
the ligand-free open conformation to a ligand-bound closed
conformation (Fig. 1). The maltose-binding pocket is at the
interface of the two domains in the vicinity of several trypto-
phan residues. Maltose binding occurs with �10% quench-
ing in the intrinsic fluorescence and a small wavelength
shift [9]. RG13 exhibits a similar fluorescent quenching and
wavelength shift in the presence of maltose, suggesting that
theMBPdomain inRG13undergoes a similar conformation
change [5]. The coincidence of fluorescent quenching and
changes in catalytic activity implicate the conformation
change in the modulation of enzymatic activity.

Further evidence for the role of the conformation
change came from characterizing I329W and I329W/
A96W mutants in the hinge region of the MBP domain
of RG13. Marvin and Hellinga [10] designed these muta-
tions in MBP to manipulate the conformational equilibria
between the open and the closed state. The apo forms of
these mutants are partially closed relative to the apo wild-
type MBP with the ensemble average closure angles being
9.5� and 28.4� for I329W and I329W/A96W, respectively
[11]. The ligand-bound closed forms of MBP,
MBP(I329W) and MBP(I329W/A96W), have closure
angles of 35�. Partial closing shifts the equilibrium toward
the ligand-bound state and thus the mutations increase the
affinity for maltose. Introduction of these mutations into
RG13 created variants with increased affinity for maltose
and with BLA activity that could be modulated with lower
concentrations of maltose [5]. However, the switching was
significantly diminished for RG13(I329W/A96W) i.e., the
variant with mutations that close the apo-form of MBP
the furthest. A decrease in switching could result from
the mutations raising the BLA activity in the absence of
maltose, lowering the activity in the presence of maltose,
or both. In the case of RG13(I329W/A96W), switching
was abrogated solely by raising the BLA activity of the
switch in the absence of maltose [5]. This suggests that it
takes hinge bending angle between 9.5� and 28.4� to allevi-
ate the defect in RG13 BLA activity in the absence of malt-
ose. However, the closure angles of RG13 or the variants
are not known.
Substitutions of a variety of natural and non-natural
side chains at position I329 in MBP suggested that the
dominant determinants of the equilibria between the open
and closed states are differences in steric complementarity
of the mutant side chain and its local surroundings in the
open and closed states [10,11]. Here, we have constructed
several natural amino acid variants at position I329 in
RG13 and explored their effect on RG13-catalyzed b-lac-
tam hydrolysis, maltose affinity, and maltose-induced
switching. These studies are consistent with the view that
I329 mutations that increase maltose affinity the most
(and thus presumably close the apo-MBP domain the
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most) also abrogate switching the most. In addition, we
identified through genetic selection, two mutations in the
MBP domain of RG13 (A301T and A319T) that are at
or near the hinge region that also serve to increase maltose
affinity as well as decrease switching activity. Finally, we
provide evidence that for NCF hydrolysis catalyzed by
RG13 in the absence of maltose, the rate of deacylation
is less than or comparable to the rate of acylation. In con-
trast, in the presence of maltose the rate of deacylation is
much greater than the rate of acylation. This provides evi-
dence for a model of RG13 switching in which conforma-
tional changes that occur part way through the hinge
bending motion in the MBP domain (from open to closed)
switch the BLA domain from a state with low deacylation
rates to one with high deacylation rates.

Materials and methods

Materials

Qiaquick PCR purification kit and Qiaquick gel extrac-
tion kit were purchased from Qiagen (Valencia, CA, USA).
His-tag protein purification kit was purchased from Nova-
gen (Madison, WI, USA). Taq polymerase was purchased
from Promega (Madison, WI, USA). Oligonucleotides
and Electromax DH5a-E electrocompetent cells were pur-
chased from Invitrogen (Calrsbad, CA, USA). NCF was
purchased from Remel (Lenexa, KS, USA). Cefotaxime
(CFTX) was purchased from Sigma (St. Louis, MO,
USA). All other antibiotics and maltose were purchased
from Fisher Scientific (Pittsburgh, PA, USA).

Mutagenesis at 329 position

All designed mutations described were introduced into
pET24b-RG13 [5] by Quickchange mutagenesis. Desired
mutations were confirmed by DNA sequencing.

Protein expression and purification

One liter LB media containing 50 lg/mL kanamycin was
inoculated with 2% overnight culture and shaken at 37 �C.
Cells were grown at 37 �C until the OD600 nm was 0.5. IPTG
was added to 1 mM and the culture was shaken at 22 �C for
another 6 h. Cells were pelleted and resuspended in binding
buffer supplied by the His-tag protein purification kit and
lysed by French press. The soluble fraction was recovered
and passed over the Ni2+ column. The protein was eluted
with 120 mMimidazole solution anddialyzed at 4 �Cagainst
3 L of 100 mM sodium chloride, 50 mM sodium phosphate
buffer overnight followed by dialysis against 1 L of the same
buffer containing 20% glycerol for 6 h. Protein was stored in
aliquots at�80 �C. The purities of the proteins were estimat-
ed by Coomassie Blue staining of SDS-PAGE gels and were
greater than 95%, unless otherwise described. Protein con-
centrations were determined using extinction coefficients at
280 nm as described [12].
Steady-state kinetics

All kinetic assays were performed with �4 nM protein at
25 �C in 100 mM sodium phosphate buffer, pH 7.0. Enzyme
was incubated at 25 �C for 1 min in sodium phosphate buff-
er with or without 5 mM maltose prior to addition of sub-
strates. During NCF hydrolysis, absorbance at 486 nm
was recorded over time and the kinetic parameters were
determined from the initial rate of reaction using Eadie–
Hofstee plots. In the absence of maltose, NCF hydrolysis
catalyzed by RG13 and all mutants exhibited a slight initial
lag that was more pronounced at high NCF concentration,
as described previously [5], and the kinetic parameters were
determined by measuring the rate after the lag. NCF con-
centration was corrected by subtracting the amount of
hydrolyzed NCF. In all cases, the extent of reaction at the
point the rate was measured was less than 5%. No lag was
observed in the presence of maltose. The rate of hydrolysis
of 100 lMNCF in the presence of hydroxylamine was mea-
sured in the same way as above except for the addition of
hydroxylamine to the assay buffer. The rates were corrected
by subtracting the rate of NCF hydrolysis by hydroxyl-
amine alone. For CFTX hydrolysis, absorbance at 260 nm
was monitored as a function of time. Direct evaluation of
kinetic parameters from initial rates was not possible due
to the slow hydrolysis rate and large absorbance at
260 nm at concentrations of CFTX much less than
Km,CFTX. Therefore,Kmwas determined using a competitive
assay with 100 lM NCF as described elsewhere [13]. The
value of kcat/Km was determined from steady-state rates
with 80 lMof CFTX.No lag was observed in CFTX hydro-
lysis even in the absence of maltose.

Maltose affinity and fluorescence quenching by maltose

Dissociation constants (Kd) for maltose were determined
using intrinsic tryptophan fluorescence measured on a Pho-
ton Technology QuantaMaster QM-4 spectrofluorometer.
The protein concentration was �50 nM. Excitation was at
280 nm and the quenching extent of fluorescence intensity
at 341 nm upon addition of maltose was used to determine
Kd using Eadie–Hofstee equivalent plots. For the I329D
and I329H mutants, which showed insufficient fluorescence
quenching to accurately determine Kd, the apparent dissoci-
ation constant in the presence of sub-saturating concentra-
tion of NCF (25 lM) was determined by measuring the
initial rate of NCF hydrolysis as a function of maltose
concentration.

Construction of random mutagenesis library of RG13

A random mutagenesis library was constructed from
pDIM-C8-RG13 [5] using error-prone PCR with Taq poly-
merase with 5 0-CTGTTCCGCTGGGCATGC-3 0 as the
forward primer and 5 0-CCGGTCGAATGCATAAGCT
TACTAACTAGT-3 0 as the reverse primer. The concentra-
tion ofMnCl2 was adjusted to 1 mMso that, on average, one
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amino acid change was incorporated per library member.
The desired PCR products were purified by Qiaquick PCR
purification kit, digested by SpeI and SphI, and purified
again. Plasmid pDIM-C8-MalE [14] was digested with SpeI
and SphI and purified by Qiaquick gel extraction kit. PCR
products were ligated to cut pDIM-C8-MalE plasmid. After
ethanol precipitation, 20% of the ligation product was elec-
troporated into 40 lL Electromax DH5a-E. Electroporated
cells were plated on a large (248 mm · 248 mm) LB agar
plate supplemented with 50 lg/mL chloramphenicol. The
naı̈ve library was recovered from the large plate and stored
in frozen aliquots as described [15].

Library selection and screening

The naı̈ve library was plated on LB agar plates supple-
mented with 256 lg/mL ampicillin and 50 lg/mL chloram-
phenicol and incubated at 37 �C overnight. From these
plates, 384 colonies were picked to inoculate 1 mL LB
media (supplemented with 50 lg/mL chloramphenicol
and 1 mM IPTG) in 96-well format. After incubation for
3 h at 37 �C followed by 25 �C overnight, each culture
was lysed using 50 lL PopCulture reagent, 40 units of
rLysozyme, and 2.5 units of benzonase nuclease. Lysates
were centrifuged to pellet the insoluble material and the
soluble fractions were assayed in 96-well format for NCF
hydrolysis in the presence and absence of 5 mM maltose
and absorbance changes at 486 nm over time were record-
ed. The assays were carried out at room temperature using
the Spectramax-384 Plus microplate reader (Molecular
Devices) in the presence of 100 mM sodium phosphate
buffer and 50 lM NCF in a 200 lL reaction volume.
Clones whose lysates exhibited a less than threefold
increase in the rate of NCF hydrolysis in the presence of
maltose compared to its absence were recultured and their
plasmids were sequenced. Two separate mutations, A301T
and A319T, were identified. These two mutations were
introduced into pET24b-RG13 by Quickchange mutagene-
sis. The proteins were expressed and purified as above.

Ethyl acetate extraction

One hundred micromolar NCF was reacted with
0.5–1.2 lM RG13 in the presence and absence of 40 mM
hydroxylamine in the assay buffer containing either 5 mM
or no maltose. After the reaction was complete, 2 mL of
reaction mixture was extracted with 10 mL of ethyl acetate
twice. The concentration of product in the ethyl acetate-
rich phase was determined by absorbance at 486 nm. The
molar extinction coefficient at 486 nm of hydroxylamine-
modified NCF was identical to that of hydrolyzed NCF.

Results and discussion

We investigated the effects of I329 mutations on the
switching activity and maltose affinity of RG13. We have
previously characterized the effect of a large aromatic substi-
tution (I329W) on these properties [5]. Here, eight new vari-
ants with a mutation at I329 were constructed. The amino
acids for thesemutationswere chosen to sample awide range
of properties: small aliphatic (A), negatively charged polar
(D), positively charge polar (K, R, H), uncharged polar (S,
N), and cyclic (P). All mutants (and RG13) have a C-termi-
nal His-tag for purification purposes. Three of the eight
mutants (I329R, I329N, and I329S) couldnot be purified suf-
ficiently (purity was <10%). Thus, detailed characterization
of these mutants was not performed. However, the other five
mutants (I329A, I329D, I329K, I329H, and I329P) were
purified to >95% purity and retained BLA activity, maltose
affinity, and switching activity.

Effect of I329 mutations on maltose-binding affinity

We determined the Kd of RG13 and the mutants for
maltose in the absence of substrate. The Kd�s of I329A,
I329K, I329P, I329W, and RG13 were determined using
quenching of intrinsic protein fluorescence upon maltose
binding as a signal [9]. Due to the low level of fluorescent
quenching observed with I329D and I329H, apparent
Kd�s were measured instead using maltose�s effect on
NCF hydrolysis [5]. The Kd�s varied from �25 nM to
�25 lM depending on the amino acid at position 329
(Table 1 and Fig. 2). Those mutants with the greatest affin-
ity for maltose (I329D and I329H) also had the lowest fluo-
rescent quenching, consistent with the view that I329
mutations in MBP that close the apo form of the protein
the most exhibited stronger affinity for maltose [10,11].
The affinity of I329H for maltose was �200-fold greater
than that of RG13. The magnitude of the effect of the
I329H mutation on affinity for maltose in RG13 was larger
than that observed with other natural substitution at I329
in MBP and comparable to that of non-natural amino acid
substitutions that increased affinity the most [10].

Effect of I329 mutations on catalytic and switching activity

The three mutants that could not be purified sufficiently
(I329N, I329R, and I329S) had compromised BLA activity
(kcat/Km for NCFwas estimated to be <5% of that of RG13)
that was independent of maltose (data not shown). Howev-
er, the five other mutants retained substantial b-lactam
hydrolysis activity as indicated by their catalytic parameters
for the hydrolysis of NCF (Table 1) and CFTX (Table 2).
Although all five retained at least partial switching activity,
those mutants with the highest affinity for maltose (I329H
and I329D) had the lowest switching (Figs. 2B and C).
For I329H and I329D, the switching activity that remained
primarily derived from the effect of maltose on kcat and not
onKm. The lack of effect of maltose on Km resulted from the
mutation alleviating the defect in Km observed in RG13 in
the absence of maltose. The relationship between maltose
affinity, switching activity, and the catalytic parameters
observed in the I329D and I329H mutants was also seen
in the previously characterized I329W/A96W double



Table 1
Kinetic parameters of nitrocefin (NCF) hydrolysis of RG13 and mutants in the presence and absence of maltose

RG13a I329Wa I329P I329A I329D I329K I329Hb

kcat,mal (s
�1) 620 ± 60 620 ± 60 550 ± 60 390 ± 50 210 ± 20 380 ± 50 410 ± 70

kcat,0 (s
�1) 200 ± 40 200 ± 30 140 ± 20 120 ± 20 70 ± 10 50 ± 20 120 ± 20

kcat,mal/kcat,0 3.1 ± 0.7 3.1 ± 0.6 4.0 ± 0.3 3.3 ± 0.4 3.0 ± 0.4 7.6 ± 3.1 3.4 ± 0.7

Km,mal (lM) 68 ± 4 53 ± 7 120 ± 20 60 ± 8 48 ± 2 60 ± 14 80 ± 20
Km,0 (lM) 550 ± 120 350 ± 60 330 ± 40 350 ± 50 60 ± 10 240 ± 80 50 ± 20
Km,0/Km,mal 8.1 ± 2.0 6.6 ± 1.4 2.8 ± 0.6 5.8 ± 1.1 1.3 ± 0.2 4.0 ± 1.6 0.6 ± 0.3

kcat,mal/Km,mal (s
�1 lM�1) 9.1 ± 1.0 11.7 ± 1.9 4.6 ± 0.9 7.0 ± 1.2 4.4 ± 0.5 6.3 ± 1.7 5.1 ± 1.5

kcat,0/Km,0 (s
�1 lM�1) 0.4 ± 0.1 0.6 ± 0.1 0.4 ± 0.1 0.3 ± 0.1 1.1 ± 0.3 0.2 ± 0.1 2.4 ± 1.0

(kcat,mal/Km,mal)/(kcat,0/Km,0) 25 ± 6 20 ± 5 12 ± 2 23 ± 5 4 ± 0.8 32 ± 18 2 ± 1

Kd for maltose (lM) 5.5 ± 0.5 0.55 ± 0.13 25.6 ± 5.8 0.67 ± 0.15 0.38 ± 0.04 0.63 ± 0.015 0.025 ± 0.001

Subscript �mal� and �0� represent assay conditions in the presence of 5 mM maltose and absence of maltose, respectively.
a From Guntas et al. [5].
b I329H showed complex kinetics including an initial burst and apparent substrate inhibition atP200 lMNCF but followed Michaelis–Menten kinetics

at <200 lM.
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mutant [5]. Structural information on RG13 would be very
useful in deciphering mechanism underlying the switch, but
it is not available. However, the fact that RG13 and the
hinge mutants retain high levels of BLA enzyme activity
and maltose-binding affinity suggests that the BLA domain
and MBP domain in these switches are structurally very
similar to BLA and MBP. Since the I329W/A96W double
mutation in MBP is known to cause the apo form of MBP
to be almost all the way closed [11], we speculate that the
apo forms of I329D and I329H are also almost fully closed.
Interestingly, the I329K mutation improves switching with
CFTX as substrate by threefold primarily through compro-
mising kcat in the absence of maltose. This further establish-
es the connectivity between the state of the MBP domain
and the catalytic activity of the BLA domain.

Overall, the extent of switching appears to be a complex
function of the properties of the amino acid at position
329, but with a distinct relationship to maltose affinity. We
speculate that this relationship results from the dependence
of maltose affinity and switching activity on the conforma-
tion of the MBP domain. The results with NCF and CFTX
as substrate were qualitatively similar with a threshold value
for the Kd for maltose of 0.5 lM below which switching
activity was markedly worse.Marvin andHellinga [10] dem-
onstrated thatmutations in the hinge region can improve the
affinity of MBP for maltose. Their proposal that the further
the hinge mutations close the apo-MBP, the higher the affin-
ity for maltose was later confirmed by NMR studies [11]. If
ourmutants have increasedmaltose affinity for the same rea-
son, the results suggest that for RG13 there is a threshold
angle of closure pastwhichRG13�s defect in catalytic activity
in the absence of maltose is largely overcome.

Mutations selected for disrupting switching also increase

affinity for maltose

Mutations that disrupt switching but do not impair cat-
alytic activity would be useful in elucidating the mechanism
by which switching occurs. As RG13 is compromised in
catalytic activity in the absence of maltose, E. coli cells
expressing RG13 can grow at 256 lg/mL ampicillin only
if maltose is supplemented to the media. A mutation that
alleviated the defect in catalytic activity in the absence of
maltose would allow the E. coli to grow at this concentra-
tion. We created an error-prone PCR library of RG13 and
subjected this library to selection under these conditions to
identify such mutations.

A library of �106 transformants was constructed by
error-prone PCR under conditions that create, on average,
one non-synonymous mutation per gene. This library was
plated on LB plates containing 256 lg/mL ampicillin but
lacking maltose. Colonies that formed were further screened
in 96-well format for a loss of maltose dependence on BLA
activity using NCF hydrolysis. We identified two indepen-
dent mutants (A301T and A319T) that cause the catalytic
rate to have a much smaller dependence on maltose com-
pared to RG13. Kinetic characterization of purified protein
showed that the decrease in switching results from an
increase in catalytic activity in the absence of maltose (Table
3). Surprisingly, both mutations substantially increased the
affinity of RG13 for maltose (Table 3). Their relationship
between maltose affinity and switching activity matches that
of the I329 mutants (Fig. 2B) suggesting that similar phe-
nomena underlie the properties of both sets of mutations.
Both A310 and A319 are located in or near the hinge region
(Fig. 1). A301T, which increases the affinity for maltose
almost 100-fold, is oriented pointing into the hinge region
and the introduction of a larger, polar amino acid at this
position may force the apo form of RG13 to be more closed,
much asmutations at I329 are known to function. A319 is on
a helix near the hinge region, the same helix in which BLA is
inserted (BLA is inserted in place of residue 317).

Effect of maltose on the relative rates of acylation and

deacylation

Penicillin and cephalosporin hydrolysis by BLA is well
known to follow Scheme 1.



Table 2
Kinetic parameters of cefotaxime hydrolysis of RG13 and mutants in the pres

RG13 I329W I329P

kcat,mal (s
�1) 12 ± 3 9 ± 3 8 ±

kcat,0 (s
�1) 1.1 ± 0.2 4 ± 1 0.7 ±

kcat,mal/kcat,0 11 ± 3 2 ± 1 11 ±

Km,mal (mM) 14 ± 3 9 ± 3 15 ±
Km,0 (mM) 52 ± 4 41 ± 4 32 ±
Km,0/Km,mal 3.7 ± 0.8 4.6 ± 1.6 2.1 ±

kcat,mal/Km,mal (10
2 s�1 mM�1) 86 ± 9 99 ± 11 50 ±

kcat,0/Km,0 (10
2 s�1 mM�1) 2.2 ± 0.4 10 ± 3 2.3 ±

(kcat,mal/Km,mal)/(kcat,0/Km,0) 40 ± 6 10 ± 3 20 ±

Subscripts �mal� and �0� represent assay conditions in the presence of 5 mM m

Table 3
Dissociation constants for maltose and kinetic parameters of nitrocefin
hydrolysis of A301T and A319T in the presence and absence of maltose

A301T A319T

kcat,mal (s
�1) 390 ± 40 520 ± 50

kcat,0 (s
�1) 280 ± 30 330 ± 40

kcat,mal/kcat,0 1.4 ± 0.1 1.6 ± 0.1

Km,mal (lM) 37 ± 3 40 ± 3
Km,0 (lM) 78 ± 6 140 ± 10
Km,0/Km,mal 2.1 ± 0.2 3.5 ± 0.4

kcat,mal/Km,mal (s
�1 lM�1) 10.5 ± 1.4 13.0 ± 1.6

kcat,0/Km,0 (s
�1 lM�1) 3.6 ± 0.5 2.4 ± 0.3

(kcat,mal/Km,mal)/(kcat,0/KM,0) 3 ± 0.3 5 ± 0.5

Kd for maltose (lM) 0.067 ± 0.007 0.17 ± 0.02

Subscripts �mal� and �0� represent assay conditions in the presence of 5 mM
maltose and absence of maltose, respectively.

Fig. 2. Relationship between maltose affinity and other switch properties.
(A) Percent intrinsic fluorescence quenching upon maltose binding as a
function of the dissociation constant for maltose. Switching activity,
(kcat,mal/Km,mal)/(kcat,0/Km,0), with both nitrocefin (B) and cefotaxime (C)
as substrates varies in a similar manner. Each switch is identified by the
amino acid substituted at position 329 (i.e., �A� refers to the I329A
mutant). �W/W� is the I329W/A96W double mutant. T301 and T319 are
the A301T and A319T mutants identified in the genetic selection
experiments.
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E þ S ()
k1

k�1

ES!k2 EAc!k3 E þ P ðScheme1Þ

where E, S, ES, EAc, and P represent enzyme, substrate,
non-covalent enzyme–substrate complex, covalent en-
zyme–substrate acyl intermediate, and hydrolyzed product,
respectively. TheMichaelis–Menten kinetic parameters, kcat
andKm, are composed of several rate constants: kcat = k2k3/
(k2 + k3), Km = Ksk3/(k2 + k3), and Ks = (k�1 + k2)/k1.

Knowledge of the extent to which individual rate con-
stants are affected by maltose would contribute to an
understanding of the mechanism by which switching is
occurring. However, RG13 in the absence of maltose
exhibits a slight lag in the initial rate that is consistent with
a hysteretic effect and not substrate inhibition [5]. This pre-
cludes the possibility of using stopped-flow methodologies
for determining the individual rate constants. Instead, we
addressed the relative rates of acylation (k2) and deacyla-
tion (k3) using hydroxylamine as an alternate nucleophile
for the deacylation step. Several kinetic studies indicate
that water is the nucleophile attacking EAc in the deacyla-
tion step [16]. The presence of a nucleophile stronger than
water, such as hydroxylamine, will accelerate k3 and results
in a covalently modified product [17,18]. Thus, if k2 P k3,
hydroxylamine will increase the reaction velocity.
ence and absence of maltose

I329A I329D I329K I329H

1 8 ± 2 1.3 ± 0.3 15 ± 5 2.5 ± 0.7
0.3 0.9 ± 0.2 0.3 ± 0.04 0.4 ± 0.1 1.0 ± 0.3
1 9 ± 3 4 ± 1 38 ± 15 3 ± 1

2 9 ± 2 5 ± 1 17 ± 5 5 ± 1
12 48 ± 5 9 ± 1 60 ± 10 5 ± 1
0.8 5.3 ± 1.3 1.8 ±0.4 3.5 ± 1.2 1.0 ± 0.3

6 85 ± 9 26 ± 3 86 ± 15 50 ± 10
0.3 1.8 ± 0.4 3.2 ± 0.3 0.7 ± 0.2 20 ± 4
2 50 ± 10 8 ± 1 120 ± 40 3 ± 0.6

altose and absence of maltose, respectively.
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However, if k2 � k3, then hydroxylamine will have no
effect on the reaction velocity.

If hydroxylamine participates as the nucleophile in the
reaction, the product of NCF hydrolysis will be modified.
Experiments were performed in which NCF was added to
a solution containing the switch and 40 mM hydroxyl-
amine and the reaction was allowed to progress until com-
pletion. The amount of switch added was sufficiently high
such that the amount of product created from background
hydrolysis of NCF by hydroxylamine alone was <1% of the
total NCF converted to product. Ethylacetate extraction
was performed on the reaction mixture. We reasoned that
the hydroxylamine-modified NCF product might possess
a different partition ratio between ethylacetate and water
than the product of NCF hydrolysis produced with water
as the nucleophile. In the presence of hydroxylamine,
35 ± 7% of the product partitions into the ethylacetate,
but only 10 ± 3% does so in the absence of hydroxylamine.
This partitioning was independent of the presence of malt-
ose. To confirm that hydroxylamine was not modifying the
product after the reaction was complete, hydroxylamine
was added after enzymatic hydrolysis. The amount of
product partitioning into ethylacetate was 11 ± 2% and
independent of whether maltose was present, the same par-
titioning observed as in the absence of hydroxylamine. The
hydroxylamine-modified NCF exhibited the same molar
extinction coefficient at 486 nm as NCF hydrolyzed in the
absence of hydroxylamine, consistent with hydroxylamine
reacting with the carbonyl group of the NCF b-lactam ring,
as water does [16]. Thus, hydroxylamine modifies the prod-
uct of the reaction, but only if present during the enzymatic
catalysis and not if added after the reaction was complete.

We next measured the rates of NCF hydrolysis cata-
lyzed by RG13, in the presence and absence of maltose,
as a function of hydroxylamine concentration. Although
for penicillin substrates, BLA has similar values for k2
and k3 [19,20], for cephalosporin CFTX, k2 � k3 [20]. This
difference has been attributed to differences between the
structures of cephalosporins and penicillins [20]. Since
NCF is a cephalosporin, it was anticipated that k2 would
Fig. 3. Effect of hydroxylamine on nitrocefin (NCF) hydrolysis catalyzed by
absence (filled square) of 5 mM maltose. VH and V0 represent NCF hydrolysi
be much less than k3 for hydrolysis of NCF by maltose-
bound RG13, since RG13 in the presence of maltose has
essentially the same activity on NCF as BLA. This was
confirmed as hydroxylamine did not accelerate the rate of
reaction in the presence of maltose (Fig. 3A), indicating
that k2 � k3. In contrast, in the absence of maltose, the
rate of hydrolysis catalyzed by RG13 linearly increased
with hydroxylamine concentration, indicating that
k2 P k3 (Fig. 3A). This indicates that maltose modulates
the rate of NCF hydrolysis in part by modulating the rela-
tive values of k2 and k3. The simplest and most likely expla-
nation is that k3 is compromised in the absence of maltose
and that maltose addition relieves whatever constraints are
limiting deacylation. There is a good agreement on a role of
E166 of BLA in activating water to deacylate the acyl-en-
zyme intermediate (EAc in Scheme 1) [16]. The major effect
of a E166N mutation is a substantial decrease in the rate of
deacylation [21]. Similarly, penicillin-binding proteins,
which also form a long-lived acyl-enzyme complex with
BLA substrates, do not have an equivalent residue to
E166 [22]. We speculate that in the absence of maltose
E166 in the BLA domain of RG13 may be subtly displaced
resulting in a slower deacylation rate, and that this defect is
alleviated by maltose-induced conformational changes.

We performed an identical analysis with the I329K,
I329D (Figs. 3B and C), and I329P (not shown) mutants.
The results with I329K and I329P were analogous to
RG13, as might be expected since they all have similar
switching activity. I329D exhibited a slight increase in rate
with increasing hydroxylamine concentration in the pres-
ence of maltose and very little change, if any, in the absence
of maltose. This is consistent with the fact that I329D is
less compromised in the absence of maltose and is a poor
switch. Hydroxylamine�s small effect on the rate of NCF
hydrolysis in the presence of maltose may reflect the fact
that the I329D mutant is the most compromised mutant
in terms of activity in the presence of maltose (i.e., the
I329D mutant may be compromised in deacylation activity
such that it has a higher k2/k3 ratio than the other mutants
in the presence of maltose). For I329D, the hydroxylamine
RG13 (A), I329K (B), and I329D (C) in the presence (empty circle) and
s rate with and without 40 mM hydroxylamine, respectively.
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experiments do not provide clear information about
whether the relative rates of acylation and deacylation
are changing upon maltose binding; however, either k2 or
k3 or both must change since maltose binding increases kcat
threefold.

Conclusions

The results suggest the following model for RG13 switch-
ing with NCF as the substrate. In the presence of bound
maltose, the BLA domain of RG13 is in a conformation
much like that of BLA and the rate-limiting step in catalysis
is the formation of the acyl intermediate. In the absence of
maltose, the BLA domain is in a conformation that is
compromised in terms of the chemical steps. This conforma-
tion is also likely to be compromised as far as NCF binding
since the absence of maltose has a negative effect on RG13�s
affinity for the substrate carbenicillin [5]. Unlike in the
maltose-bound state, the rate of deacylation for the
apo-form of RG13 is comparable to or less than the rate of
acylation. The most likely explanation is that deacylation
is compromised in the absence of maltose, perhaps because
of a sub-optimal positioning of E166 of the BLA domain.

Studies on the hinge mutants provide information on
what might be happening between the maltose-bound and
maltose-unbound states of RG13. The correlation between
maltose-induced quenching and switching activity, their
relationship to maltose-affinity (Fig. 2), and the relationship
between maltose affinity and apo-MBP�s conformation all
implicate the MBP domain�s conformational change upon
maltose binding in the switching activity. More specifically,
the sharpness of the drop-off in switching activity as maltose
affinity increases (a drop-offwhich results froman increase in
catalytic activity in the absence of maltose) suggests that
there exists a threshold conformation between the open
and closed conformation. This hypothetical threshold con-
formationwould exist at the angle closure atwhich the defect
in NCF hydrolysis observed in apo-RG13 is largely alleviat-
ed (as the MBP domain progresses from the open to the
closed conformation).
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