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Abstract. Mutations, replacing amino acids involved in the formation of hydrogen bonds between subunits
of dimeric alkaline phosphatase, have been introduced. Influence of mutations on kinetic properties and
structural stability of mutant enzymes was established. In addition, alterations in protein dynamic properties have been studied using room temperature phosphorescence. Kinetic properties of both mutant enzymes were virtually the same, differing from the wild type enzyme in the kcat value that was almost twice
lower. Changes in protein dynamic properties of mutant proteins, compared to the wild type enzyme, did
not parallel changes in kinetic properties suggesting that an alteration in the rigidity of the Trp109 environment is not responsible for the reduction of kinetic properties. Instead, combined kinetic and dynamic
consequences of introduced mutations suggest that breaking of specific links, involved in transmission of
conformational change, could be responsible for altered kinetic properties. (doi: 10.5562/cca2168)
Keywords: room temperature phosphorescence, acrylamide quenching, kinetic properties, protein
dynamics, subunit interface

INTRODUCTION
Alkaline phosphatase (AP) from Escherichia coli (E.C.
3.1.3.1), is a dimeric metalloenzyme that catalyzes the
hydrolysis of a wide variety of phosphomonoesters. It
belongs to a group of oligomeric enzymes known to
display deviations from Michaelis-Menten kinetics,
resembling negative cooperativity and half-of-the sites
reactivity.1–5
It has been proposed that asymmetry of dimeric
AP underlies such a kinetic behavior.6 A plausible model based on subunit asymmetry, describing the advantages of homodimeric over monomeric enzymes, has
been outlined.7 Based on crystal structure analysis,8 it
has been anticipated that the β-pleated sheet, stretching
from underneath the active site to the subunit interface,
has an important role in conformational changes supporting the catalytic cycle. The importance of interfacemediated communication between the subunits has been
assessed by site directed mutagenesis. Introduction of
alanine instead of Thr81, involved in hydrogen bonding
between neighboring β-pleated sheets, resulted in a
mutant enzyme with altered kinetic properties.9 The
decreased reaction rate of the T81A mutant, with almost
twofold reduction in kcat, stresses the importance of

subunit interface interactions for the kinetic mechanism.
Altered kinetic properties could be the consequence of a
change in protein rigidity, or disruption of the bonding
interaction involved in transmission of conformational
change between the active sites on neighboring subunits.10 Structural rigidity, conformational and dynamic
properties of proteins could be assessed by monitoring
the phosphorescence properties of a reporter group
located in the vicinity of the protein region of interest.11
Phosphorescence lifetime represents a sensitive probe of
local protein rigidity12,13 and could be correlated to
changes in rigidity triggered by binding of substrates or
allosteric effectors.14–16 Tryptophan phosphorescence at
room temperature could provide information regarding
the dynamic changes in protein structure occurring on a
millisecond to second time scale.12,17–21 Besides an intrinsic lifetime of the triplet probe, the rate of migration
of a phosphorescence quenching solute, such as acrylamide, into the proximity of the phosphorescent probe
provides information on the local segmental flexibility
and structural fluctuations.22 AP contains only one
phosphorescing aromatic residue, Trp109. The exceptionally rigid and solvent-inaccessible environment in
the inner core of the macromolecule provides for a very
long phosphorescence lifetime, up to two seconds.11–23
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Trp109 is connected to the active site via a rigid
α-helical rod and to the subunit interface via a β-sheet
that envelopes Trp109.8 Therefore, the triplet lifetime of
this residue could be used as a sensitive monitor of the
conformational state in the polypeptide region that connects the active sites of neighboring subunits.
In this study, phosphorescence lifetime and
quenching experiments were performed in conjunction
with kinetic and structural stability studies in order to
provide clues about the relationship between protein
dynamic properties and its functional characteristics.
Consequences of additional weakening of the link between the β-sheets at the same site were probed by a
new hydrogen bond removing mutation, created by
substituting Gln83 with Leu.
Kinetic properties of single T81A and double
T81A/Q83L mutant proteins and the wild-type enzyme
have been compared in Tris/HCl (c(Tris) = 1 mol dm–3, pH
= 8.0). Rigidity of the protein structure has been assessed
by measuring the phosphorescence lifetime and the rate of
acrylamide diffusion. Structural stability of wild-type AP
and mutants carrying mutations at the subunit interface,
were assessed by susceptibility to thermal denaturation.
EXPERIMENTAL
Site-directed Mutagenesis
The wild type AP gene (phoA) was cloned into the pET11d
expression vector (Stratagene) and transformed into the E.
coli strain JM109, as described by Orhanović et al.9
Site-directed mutagenesis was conducted using the
GeneEditorTM mutagenesis system (Promega). The
mutagenic oligonucleotide introduced three mutations
into the phoA sequence, one to replace Thr81 (ACC)
with alanine (GCC), one to replace Gln83 (CAA) with
leucine (CTA) and a silent mutation in the codon for
Gly82 (GGG to GGC) to create a NaeI restriction site.
The sequence of the mutagenic oligonucleotide, with
altered bases underlined, is:
(5'-GATGCCTTACCGCTTGCCGGCCTATACACTCA
CTATGCG-3').
Mutant plasmids were identified by NaeI restriction analysis. Mutations were verified by sequencing the entire phoA gene at Macrogen, Seul, S. Korea.
Protein Expression and Purification
The E. coli strain E15, carrying a deletion in the phoA
gene, was transformed with the pET11d expression
vector containing the phoA gene under control of the T7
promotor. The E15 strain was co-transformed with the
pGP1-2 plasmid containing the gene for T7 RNA polymerase under control of a thermolabile repressor. Bacterial cultures were grown in LB medium at 30 °C and
220 rpm to an OD600 of about 0.7. Protein expression
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was induced by heating the culture in a water bath at
42 °C for 45 min. The cultures were subsequently
grown overnight at 37 °C. Bacterial cells were harvested
by centrifugation at 6500×g for 15 min and subjected to
cold osmotic shock. Prior to thermal denaturation of
heat sensitive proteins at 75 °C for 15 min, a solution of
ZnCl2 (c = 31 µmol dm–3) in Tris/HCl (c(Tris) = 0.62 mol
dm–3, pH = 7.6), was added to the periplasmic fraction to
obtain a final Zn2+ concentration of c(Zn2+) = 1 µmol
dm–3 and a final Tris concentration of c(Tris) = 20 mmol
dm–3. Measurements of AP activity have shown no
activity change during thermal denaturation. Denatured
impurities were separated by centrifugation at 9000×g
for 20 min. The protein sample was applied to an anion
exchange Q6 column (BioRad). The fraction displaying
the highest activity contained essentially pure AP, as
revealed by SDS-PAGE. The protein concentration in
purified samples was determined according to Bradford,
using BSA (bovine serum albumin) as a standard.24
Kinetic Analysis
Enzymatic activity was determined by measuring the
absorbance change at 405 nm and 298 K, due to an
increasing concentration of the reaction product,
p-nitrophenol (pNP), using the Lambda 40 Bio spectrophotometer (Perkin Elmer, Norwalk, USA). Activity
was measured in a reaction mixture, containing 2.3 cm3
of Tris/HCl (c(Tris) = 1 mol dm–3, pH = 8.0), 0.100 cm3
of enzyme solution in Tris/HCl (c(Tris) = 20 mmol dm–3,
pH = 7.6), and 0.100 cm3 of substrate solution
(p-nitrophenyl phosphate hexahydrate, disodium salt;
pNPP) of an appropriate concentration. Kinetic analysis
was performed using pNPP as substrate at concentrations ranging from c = 0.01 to 1 mmol dm–3 Analysis
was also done in the presence of a known competitive
inhibitor, inorganic phosphate, in concentrations of c =
6.25, 12.5, and 25 µmol dm–3. All reaction rate measurements were performed in duplicate, and the determination of kinetic constants was performed in triplicate.
Kinetic constants were determined with GraFit
(Erithacus Software Limited), nonlinear regression data
analysis software. Experimental data were fitted to the
Michaelis-Menten equation describing the dependence
of the reaction rate on substrate concentration in the
presence of a competitive inhibitor or without it.
Phosphorescence Measurements
Protein samples were resuspended in Tris/HCl (c(Tris) =
20 mmol dm–3, pH = 7.6), at a final concentration ranging from c = 4 to 5 µmol dm–3. Prior to phosphorescence
measurements, it was essential to remove oxygen from
all samples. Deoxygenation of proteins was conducted
by repeated application of vacuum and inlet of pure N2,
according to Banks and Kervin.25 Upon addition of
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Table 1. Kinetic properties, first order rate constant for thermal denaturation and quenching constant of wild-type AP from E. coli, the
T81A and T81A/Q83L mutant proteins (kinetic properties were determined in Tris/HCl, c(Tris) = 20 mmol dm–3, pH = 7.6, T = 298 K)
Enzyme

Km / μmol dm–3

Ki / μmol dm–3

kcat / s–1

k1 / 10–3 s–1
0.80 ± 0.05

kq / dm3 mol–1 s–1)

Wild-type AP*

7.8 ± 0.3

6.1 ± 0.2

61.84

T81A*

7.3 ± 0.2

6.5 ± 0.2

36.98

1.64 ± 0.1

0.13 ± 0.007

0.19 ± 0.006

T81A/Q83L

8.6 ± 0.3

7.7 ± 0.4

36.35

3.20 ± 0.3

0.32 ± 0.019

* Kinetic properties (Km, Ki and kcat) of the wild type AP and T81A mutant were determined previously.9

appropriate aliquots of an acrylamide stock (c = 7.5 mol
dm–3), samples were deoxygenated again. All luminescence measurements were carried out at 293 K.
Phosphorescence measurements were performed
on a Perkin Elmer fluorimeter LS 55 using Biolight
PhosDecay software. Upon excitation at 295 nm phosphorescence decay was monitored at 445 nm, with a 1
ms cutoff. The decay signal was analyzed and fitted to a
single exponential decay curve.
Thermal Inactivation
Samples of appropriate concentration in Tris/HCl (c(Tris) =
20 mmol dm–3, pH = 7.6), were incubated at 353 K in a
"dry-block" thermostat. Aliquots (0.100 cm3) were withdrawn at 5 min intervals during 45 min, and assayed for
enzyme activity in Tris/HCl (c(Tris) = 1 mol dm–3, pH =
8.0) at 298 K, using pNPP (c = 2 mmol dm–3) as a substrate.
The rate of inactivation was determined by fitting the experimental data to a single-exponential decay function.
RESULTS
Comparison of Kinetic Properties of Wild Type AP
and Mutant Enzymes Carrying Mutations at Subunit Interface
It has been already shown that the T81A mutation, located
at the subunit interface, influences the kinetic properties of
AP. In Tris/HCl (c(Tris) = 1 mol dm–3, pH = 8.0), the kcat of
the T81A mutant was reduced almost twofold (36.98 s–1)
compared to the wild type protein (61.84 s–1), while the Km
(7.3 μmol dm–3) did not change significantly (7.8 μmol
dm–3).9 The kinetic properties of the double mutant,
T81A/Q83L, were determined and compared to the wild
type and T81A protein. The results are presented in Table 1.
Affinity for the substrate, pNPP, and the competitive inhibitor, Pi, described by respective kinetic constants Km and Ki,
were the same for the wild-type and mutant enzymes,
while the kcat values for the T81A and T81A/Q83L mutants
were similar and reduced almost twofold compared to the
wild-type enzyme.
Phosphorescence Decay Measurement
At room temperature, phosphorescence lifetime is directly correlated to the dynamic structure of the polypeptide

chain in the surrounding environment of the chromophore
group.12,13 The β-pleated sheet enveloping chromophore
Trp109 stretches to the subunit interface establishing
hydrogen bond mediated contacts with an equivalent
β-pleated sheet of the neighboring subunit.8 Mutations
introduced into the contact region that prevent hydrogen
bond formation, could affect communication between
active sites and the rigidity of the Trp109 environment.
The rate of phosphorescence intensity decay of wild-type
and mutant forms of AP in Tris/HCl buffer at 293 K was
found to follow an exponential dependence for all samples. Phosphorescence lifetime, τ, determined for the
wild-type protein was 1.49 s, while the τ value for the
T81A and T81A/Q83L mutant proteins was 1.50 and
2.13 s, respectively. The determined phosphorescence
lifetime indicates that Trp109 environment in the double
mutant was more rigid compared to the wild type enzyme
and the single mutant.
Phosphorescence Quenching with Acrylamide
Flexibility of a macromolecule can also be assessed by
measuring the rate of diffusion of a molecule that
quenches tryptophan phosphorescence. Ease of diffusion of a quencher in the vicinity of the phosphorescent
tryptophan is described by a bimolecular rate constant kq
obtained from the gradient of the lifetime Stern-Volmer
plot (1/τ – 1/τ0 = kq[acrylamide]). The dependence of
lifetime data versus acrylamide concentration yields a
linear Stern-Volmer plot for wild type and mutant AP.
The slope of the respective plots provides a bimolecular
rate-quenching constant kq = 0.19 dm3 mol–1 s–1 for
wild-type AP, 0.13 dm3 mol–1 s–1 for the T81A mutant
and 0.32 dm3 mol–1 s–1 for the T81A/Q83L double mutant, indicating that acrylamide diffuses somewhat less
freely through the T81A protein than the wild-type
enzyme, while the T81A/Q83L double mutant allows
for structural variation of protein regions connecting
surface and neighborhood of Trp 109 permitting faster
acrylamide migration into the protein interior (Figure 1).
Structural Stability
Mutations introduced into the inner core of a protein
molecule could reduce the stability of the protein fold,
rendering it susceptible to inactivation by various
agents. Structural stability of mutants was assessed by
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DISCUSSION

Figure 1. Lifetime Stern-Volmer plot for the quenching of AP
by acrylamide in Tris/HCl, c(Tris) = 20 mmol dm–3, pH = 7.6, T
= 293 K; wild-type enzyme (circles), T81A mutant (squares),
T81A/Q83L mutant (triangles).

thermal denaturation. Alkaline phosphatase from E. coli
is remarkably resistant to thermal denaturation. Inactivation of wild-type and mutant forms of AP was followed at 353 K. Inactivation rate constants were obtained by fitting parameters of a single exponential
curve function to residual activity data (Figure 2). Inactivation rate constants of 3.20×10–3 and 1.64×10–3 s–1
for the T81A/Q83L and T81A mutant,9 respectively,
were higher than the rate of inactivation determined for
wild-type AP9 (7.98×10–4 s–1) (Table 1). Apparently
mutations affecting hydrogen bond forming residues in
the interface region reduced the thermal stability of
mutant proteins, as shown by higher values of inactivation rate constants (Figure 2).

Figure 2. Relative activity vs. time plot for the inactivation of
the wild-type enzyme9 (circles), T81A mutant9 (squares),
T81A/Q83L mutant (triangles) AP from E.coli. The enzyme
solution was incubated in Tris/HCl, c(Tris) = 20 mmol dm–3,
pH = 7.6, T = 353 K, followed by activity measurements in
Tris c(Tris) = 1 mol dm–3, pH = 8, T = 298 K. The rate of inactivation was determined by fitting the experimental data to a
single exponential decay function.
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Protein molecules show complex internal motions ranging from fast fluctuations of individual atoms, over loop
and domain motions and conformational rearrangements, to slow breathing motions. Various structural
motions could affect protein function in multiple ways.
A conformational change induced by ligand binding
may influence structural and binding properties of remote sites for the same or a structurally unrelated ligand.26–30 The binding event could reduce or enhance
protein motions affecting only the entropy of the system, enabling allosteric effects to be based solely on
protein rigidity.10 Also, the dynamic properties of the
active site could have significant influence on the rate of
the catalytic step. Therefore coupling of chemical reactions to conformational change and dynamic properties
of a protein molecule is an intriguing area of interest.
Alkaline phosphatase from E. coli is a dimeric enzyme rich in allosteric interactions and represents a
good model for studying the relationship between conformation, dynamics and catalytic properties. Positive
cooperative interactions have been described for the AP
M1 metal binding sites, while negative cooperative
interactions have been detected for the M3 metal binding sites.31,32 Apparently negative cooperative kinetic
behavior has been supported by a model describing an
enzyme with inherently unequal subunits.7 It has been
proposed that enzyme asymmetry with subunits differing in affinity for the substrate and product, could be
used to favor enhanced product release. An important
feature of the proposed model is a conformational
change converting a high affinity subunit to a low affinity subunit, and vice versa. The rate of conformational change along with the reaction rate could be increased by a ligand, in the case of AP a Mg2+ ion, inducing the same conformational change as the substrate or
the product. If such a ligand is present at a concentration
higher than that of the substrate, it would accordingly
increase the reaction rate. Such a model relies upon
subunit communication, and focuses the attention on the
possible role of the subunit interface in the kinetic
mechanism. It has been demonstrated that mutations
introduced at subunit interface could have a profound
effect on the kinetic properties.33
A mutation, introduced into the subunit interface
region, presumably involved in coupling between the
active sites, was used to assess the importance of such
communication for enhanced catalysis. Neighboring
β-sheets are connected with hydrogen bonds between
Thr81 and Gln83 from adjacent subunits (Figure 3).8
Kinetic properties of a T81A mutant have been determined in Tris/HCl buffer (c(Tris) = 1 mol dm–3, pH =
8.0). Breaking a single hydrogen bond in that region
resulted in kcat reduction from 61.84 s–1 to 36.98 s–1,
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Figure 3. Crystal structure of dimeric alkaline phosphatase from E.coli, showing Thr81 and Gln83 at subunit interface and hydrogen bonds between them (enlarged portion of subunit interface). Tryptophan 109, metal ions and phosphate bound in the active
site region are displayed: tryptophan (yellow), zinc ions (blue), magnesium ion (pink), phosphate (red).

while the affinity for the substrate (pNPP), and the
competitive inhibitor (Pi) remained the same.9 Kinetic
properties of a double mutant were virtually the same as
for the single mutant protein, indicating that the kinetically important bond between the subunits, or the
communication between active sites, was completely
impaired by removing a single hydrogen bond in the
subunit interface region. At a same time, removal of the
second hydrogen bond resulted in further decrease in
structural stability, as evidenced by faster thermal inactivation. The double mutant, T81A/Q83L, was inactivated at a single order constant of 3.20×10–3 s–1 and
compared to 1.64×10–3 s–1 for the single mutant T81A9
and 7.98×10–4 s–1for wild type AP.9
The nature of the change in protein structure,
which led to altered kinetic properties, was examined by
measuring the phosphorescence properties of Trp109.
The correlation between rigidity of protein structure and
kinetic properties could indicate whether a conformational change or alteration in the rigidity of a protein
molecule should be sought as the source of allosteric
effects in AP from E. coli.
Trp109 environment in the T81A mutant has same
rigidity as the wild type enzyme, as determined by the
phosphorescence lifetime τ of 1.49 s and 1.50 s for the
wild type and the T81A mutant, respectively. The double mutant T81A/Q83L has more rigid structure in accordance to the phosphorescence lifetime of 2.13 s.
Possible explanation of increased rigidity could be
denser packing of protein core upon replacement of
more polar threonine and glutamine side chains with
hydrophobic alanine and leucine side chains. Significantly lower kcat of the T81A mutant compared to the
wild type enzyme is not accompanied by significant
change of phosphorescence lifetime. Also, significant
increase of the phosphorescence lifetime of the double
T81A/Q83L mutant compared to a single T81A mutant
is not followed by any change in kcat, indicating that the

reduction of kcat is not due to alteration of the dynamic
properties of the protein. Most likely, breaking of a
specific link involved in transmission of conformational
change is responsible for the reduced catalytic power of
the mutant enzymes. Such conclusion is corroborated by
the measurement of a quenching constant that describes
the rate of acrylamide migration into the neighborhood
of the phosphorescent Trp109. The ease of migration is
dependent on open pathway or structural fluctuations
permitting the access of acrylamide into the protein
interior. According to the measured quenching constants,
0.19 dm3 mol–1 s–1 for wild type AP, 0.13 dm3 mol–1 s–1
for the T81A mutant and 0.32 dm3 mol–1 s–1 for the
T81A/Q83L mutant, the largest difference in the rate of
acrylamide migration is observed between the two mutant
enzymes, displaying the same kinetic properties.
CONCLUSION
Mutations introduced at the subunit interface of AP reduced the kcat of the single T81A (Reference 9) and the
double T81A/Q83L mutant protein. Structural stability
was also affected, the T81A/Q83L mutant being the least
stable, the T81A mutant displaying an intermediate stability,9 while wild type AP was the most stable,9 as evidenced by the rate of thermal denaturation. Alteration of
phosphorescence lifetime and rate of phosphorescence
quenching by acrylamide did not parallel changes in
kinetic properties of the mutant proteins. Mutant proteins,
displaying the same kcat, had different dynamic properties,
indicating that in case of AP the catalytically important
communication between the subunits is most likely mediated by a conformational change rather than altered rigidity of the protein structure.
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