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Parametric sensitivity analysis of a proposed model mechanism can serve as a valuable diagnostic for studying the
fundamental characteristics of an enzymatic reaction. As the first step toward understanding the kinetics of a series of newly
engineered glucose-6-oxidases, the activity of which has never been found in nature, we have proposed a mechanistic
kinetic model and performed a parametric sensitivity analysis. The mechanism of our model consists of two enzyme
conformations, namely “less active” and “more active,” and is shown to be consistent with experimental observations of
prolonged periods of enzyme induction. The extended lag phase phenomenon was found to be well described
mechanistically by a slow rate of interconversion between the two enzyme conformations (relative to the rate of product
formation), and this prediction was further supported by our experimental results. The proposed enzymatic model will serve
as a blueprint with which to better understand the mechanistic behavior of newly generated glucose-6-oxidases. © 2011
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Introduction

Galactose oxidase (GaOx) is a copper-containing enzyme
that catalyzes the oxidation of primary alcohols to aldehydes
with the concomitant reduction of molecular oxygen to
hydrogen peroxide. This enzyme has been extensively stud-
ied for several decades and the determination of its crystal
structure’? has paved the way for an improved understand-
ing of its kinetic mechanism.>~> The copper at the active site
is coordinated by two His and two Tyr residues, with a sol-
vent serving as the fifth ligand of the square pyramid. One
of these ligands, Tyr272, is the site of the O radical® which
is stabilized by Tyr272-Cys228 crosslinking via a thioether
bond. Meanwhile, Trp290 is believed to have an important
role in stabilizing the radical by stacking interaction with
Tyr272-Cys228 (delocalization of the unpaired spin density)
and by entry restriction of other molecules to the active radi-
cal site (protection of the radical from solvents).6 Studies
have shown that GaOx has three redox states: an activated
form (Ye-Cu(Il), Ox-GaOx) containing an oxidized complex
and reacting with alcohols; an inactive form containing
Cu(I) but no radical (Y-Cu(Il), semi-Red-GaOx); and,
finally, an oxygen-reactive form containing Cu(I) but no rad-
ical (Y-Cu(I), Red-GaOx). With consideration of these struc-
tural and redox characteristics, appropriate chemical mecha-
nisms have been suggested.3’
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GaOx is known to exhibit activity with a broad range of
substrates including galactose, but it has almost no demon-
strated activity on glucose, an isomer of galactose.”® The
inability to use glucose as a substrate is due to a steric clash
between Tyr495 and the C4-hydroxyl group of glucose.z’9
Sun et al. generated GaOx mutants with glucose activities,
but the demonstrated activity levels remained quite low.®
Recently, we created glucose oxidases (GlcOx) from GaOx
by computationally searching the sequence space of candi-
date mutations, combinatorially assembling the selected
sequences, and experimentally screening the created
library.'® While characterizing these GlcOx to select the best
enzyme, we routinely observed that newly engineered pro-
teins incorporating the W290F mutation experienced signifi-
cant lag times during catalysis in addition to relatively high
losses of GaOx activity.

Lag periods in enzyme activity have previously been
observed in copper-containing tyrosinases”’12 iron-contain-
ing lipoxygenases,'>'* and copper-containing copper, zinc
superoxide dismutases.'” Interestingly, we found that all of
these enzymes contain metal ions and catalyze redox reac-
tions involving molecular oxygen, but the lag was reported
to be attributed to different factors.'>'>!7 Tyrosinases,
exhibiting two catalytic activities which yield quinones from
monophenols via diphenols, were believed to incorporate an
autocatalytic hydroxylase ste:p.16’17 Two alternate models
have been suggested to explain the lag period associated
with lipoxygenases, including: (1) the product activation
model in which the inactive enzyme form in the Fe (II) state
is oxidized to the active Fe (IIT) form by the product and (2)
the substrate inhibition model in which the substrate is dis-
placed from the regulatory site by the product.13 Finally,
submicromolar concentrations of transition metal ions have
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Figure 1. A proposed model mechanism'® for GlcOx.

been found to interfere with copper,zinc superoxide dismu-
tases, leading to an increased lag period.'’

To better understand the nature of this observed lag phe-
nomenon, we suggest a reaction mechanism to describe the
function and activity of our newly engineered GlcOx. This
mechanism was previously introduced to explain single sub-
strate hysteretic enzyme cases in which two enzyme forms
possessing different kinetic parameters lead to the occurrence
of lag phenomena.'® As the first step toward supporting the
validity of this proposed mechanism for GlcOx, we have per-
formed a parametric sensitivity analysis to investigate how the
coexistence of multiple enzyme conformations (“less active”
and “more active”) may explain the observed occurrence of
delayed enzyme kinetics. We have also investigated the
capacity by which changes in the values of the rate constants
in the established mechanism can generate the observed lag
phenomenon. Sensitivity analysis of a proposed model mecha-
nism can serve as a valuable diagnostic to study the funda-
mental characteristics of an enzymatic reaction. Whereas this
technique does not allow us to directly assess the suitability
of the proposed model structure, inferences regarding which
parameters are most responsible for the prediction of an
objective criterion may be deduced by identifying the parame-
ters to which that output is most sensitive. Thus, the associ-
ated predictions can provide fundamental insight into the rela-
tive significance of the individual mechanisms, which com-
pose the overall model. As will be demonstrated for the
present case, this can be of particular value for enzyme mod-
els incorporating multiple, simultaneous phenomena.

Materials and Methods
Kinetic studies

Three representative GlcOx (Des3-2, Des3-6, and Des3-7)
mutants previously constructed that contain the intact

Table 1. Parameter Estimates Used for Solution of the
Model Presented in Figure 1

Parameter Estimate Units
kIf 1 M !
klr 250 s !
k2f 0.05 s
k2r 0.1 s !
k3f 50 s
k3r 1 uM !
k4f 5 5!
kdr 0 M !
kSf 50 s
kSr 0 uM !
k6f 0.0001 s~
k6r 0.001 s !
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Table 2. Nomenclature Used in This Work

Parameter Units Definition

kif, kir s 'or M~ s™'  Forward and reverse rate constants
associated with reaction step i

Sij Sensitivity coefficient associated
with state variable i and
parameter j

X Model state variable

)4 Model parameter

y Model output or measured variable

t S Time

Ol Lag time

E uM Enzyme concentration, less active
conformation

E uM Enzyme concentration, more active
conformation

S uM Substrate concentration

E'S uM ES complex, more active form

ES M ES complex, less active form

P uM Product concentration

Subscripts

0,f Denote initial and final conditions,
respectively
max Denotes maximum value

Trp290 residue'® were compared with the W290F-containing
mutants M-RQW8 and Des3-10.'"° The vector, which con-
tains the GaOx mutant M-RQW, was kindly provided by
Professor Frances Arnold at Caltech,8 and the M-RQW gene
was subcloned into the 6xHis-tag-containing pET21b as
described previously.10 The kinetics of the purified GlcOx
on glucose (220 mM) was monitored using the HRP-ABTS
coupled assay5 as described previously.10 The absorbance
change rate was determined at 405 nm using a spectropho-
tometer (Beckman Coulter, Fullerton, CA), and the extinc-
tion coefficient of 36.8 mM ™' cm™' was used to calculate
the concentration of product formed.'®

Numerical methods

Solution of the selected model, as well as the associated
dynamic sensitivity equations, was performed using Matlab®
and the intrinsic ordinary differential equation solver odelS5s.
Parameter estimates for solution of the model of interest
(Figure 1) were obtained from Bates and Frieden,'® and are
listed in Table 1. Nomenclature used in this work is sum-
marized in Table 2. Lag times (0,,,) associated with each
experimental data set were approximated by first evaluating

the tangent of each AP/AP,,, (calculated as ( 1’; :’;,(L

at the point where the slope approaches its steady-state
value. The tangent curve was then extrapolated to determine
the value at which it intersects with the x-axis. This value
was designated as @O, To improve the comparisons
between experimental data and model predictions, #,,x was
selected as one-quarter of the maximum lag time observed
among all simulations (®,g max)-

] ) curve

Parametric sensitivity analysis

Although sensitivity coefficients may be estimated by
numerous, previously described techniques, the “Direct
Method,” originally described by Dickinson and Gelinas,"®
was used for the present study as it is considered to be of
high computational rigor. According to the Direct Method,
the differential equations which comprise a dynamic model
may be supplemented with appropriate differential sensitivity
equations. This allows the complete set to be solved simulta-
neously and yields predictions of both the state variables and
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the sensitivity coefficients, Sij’20,21 defined as the partial

derivatives of the state variables (x) with respect to the asso-
ciated parameters (p):

o

o, (a)

S,‘j:

To generate the set of sensitivity equations, we first consider
an enzyme kinetic model of the following general form:

dx

d[ X(T()) = Xo (b)

=g(x,t,p), y=h(x,p),
where ¢ is time, the state variables (E, E’, S, E'S, ES, and P) are
given by x, the parameters by p, and relevant output, or
measured, variables are represented by y. In this case, the

differential sensitivity equations can be defined as:

Os; 0gi 31
Sj Zg 8 ©

whereas the sensitivities associated with the output responses
may then be evaluated as:

Iy o ah
Bp j 8xk

(d)

To facilitate comparison during analysis, scaling effects can be

removed by normalizing the sensitivity coefficients as 2 ‘;"
¥i Opj

Results

Evaluation of established mechanism and formulation
of proposed mechanism

GaOx is known to exist in three different forms: an acti-
vated Ox-GaOx and two semi-reduced or reduced forms
(semi-Red-GaOx or Red-GaOx), which each require oxida-
tion before becoming activated. The inactive semi-Red-
GaOx form does not participate in conversion reactions, only
Red-GaOx does. GaOx follows a ping-pong mechanism con-
sisting of two sequential steps, where the first step
(Ox-GaOx + an alcohol — Red-GaOx + an aldehyde) is
known to be rate—limiting.3’4 thus, the second step, which
involves reaction with oxygen (Red-GaOx + O, — Ox-
GaOx + H,0,), can usually be omitted from the general
mechanism.

It is possible that the enzymes we generated with the
W290F mutation still follow the established mechanism for
wild-type GaOx, but that changes in the value of the rate
constants (i.e., model parameters) with glucose are such that
(i) both reaction steps must now be considered and a single
substrate-single enzyme model is no longer valid and (ii) the
2-substrate model now leads to lag behavior. To test this, we
performed an array of numerical simulations assuming first
order reactions with respect to both glucose (for the first
reaction step) and oxygen (for the second reaction step), con-
sistent with both the low overall reaction rates observed and
previous reports (simulation results not shown).*'® Begin-
ning with the rate constants reported for the established two-
step mechanism,* we found that lag behavior appeared only
when each of the rate constants were decreased by more
than three to six orders of magnitude. However, even under
these conditions, the observed lag time was predicted to be
on the order of seconds, rather than minutes as we have
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observed experimentally. In addition, considering that two
mutants with similar specific activity (5.8 + 0.6 M 's™' for
Des3-6 and 5.6 + 0.8 M~ 's™" for Des3-10) showed different
lag behavior (Des3-6 without lag period; Des3-10 with lag
period), we concluded that a new reaction mechanism is
likely required to explain such different behaviors.

Enzymes are dynamic and have an infinite number of
possible conformations. However, to simplify our analysis, we
have assumed a model mechanism'® consisting of only two
enzyme conformations: a “less active” GlcOx (E, with low
affinity toward the substrate and a low turnover rate) and a
“more active” GlcOx (E/, with high affinity toward the sub-
strate and a high turnover rate) (Table 1 and Figure 1). In this
case, the “less active” pool includes a group of previously
uncharacterized conformations of the enzyme that results from
the W290F mutation, and each maintains some catalytic activ-
ity. We have assumed that the first, substrate reaction step is
limiting; and, given an experimental protocol designed to
eliminate oxygen limitations, we have omitted the second
reaction step from the model mechanism for GlcOx. We have
also included the following key assumptions: (1) a rapid equi-
librium is achieved for the substrate-binding steps, (2) product
formation steps are irreversible, and (3) no product inhibition
occurs (Table 1 and Figure 1). In contrast to a typical alloste-
ric model,?* this proposed mechanism is capable of explaining
the phenomenon of an extended lag period that occurs when
the interconversion steps between ES (or E) and E'S (or E') is
slow relative to the product formation steps.lg When substrate
interacts with the enzyme, the enzyme-substrate (ES) complex
concentration immediately reaches a high value, but the E'S
concentration increases only gradually, resulting in a slower
rate of product (P) formation. As the system then approaches
the steady state, the E'S concentration reaches its maximum
value with the concomitant product generation at the maxi-
mum rate.

Lag time phenomena and sensitivity analysis of the
proposed model mechanism

One practical utility of sensitivity coefficients is in their
ability to describe the changes (both in magnitude and direc-
tion) that occur to the predicted values of the state variables
as associated with incremental perturbations in the parameter
values. As with state variables of a dynamic model, sensitiv-
ity coefficients may also vary dynamically. Thus, it is impor-
tant to characterize the dynamic sensitivity of a model to
understand how, and under what temporal regions, each pa-
rameter may play a role in the overall predictions.

The presented model was solved using initial conditions
of £ and S of 1 and 1000 uM, respectively, whereas the ini-
tial values for all remaining state variables were taken to be
0. The initial conditions associated with each of the sensitiv-
ity coefficients were also appropriately determined using the
initial values of the state variables. For simplification, the
initial substrate concentration was assumed to be sufficiently
excessive that its value should not change appreciably over
the simulated range. For experiments, we used the initial
substrate concentration of at least 220 mM, and the produced
product concentration was never above 0.04 mM, justifying
this assumption. As a result Was set to a value of zero for
all times for the present study

The effects of variations in k2f (and, appropriately, k2r as a
constant equilibrium constant was maintained for this reaction
step) on the overall model predictions was also investigated,
and the results are compared in Figure 2. As k2f was
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Figure 2. Comparison of the normalized change in
product concentration as a function of
dimensionless time as obtained experimen-
tally (A.) for Des3-10 (dashed), Des3-2 (dot-
dashed), Des3-7 (solid), Des3-6 (dot-dot-
dash), and M-RQW (dotted), and as predicted
with the presented model (B.) for k2f values
of 0.005 (dashed), 0.05 (dot-dashed), 0.5 (dot-
ted), and 5 s~ (solid).

decreased, the predicted lag phase associated with product (P)
synthesis was found to increase. As is further illustrated in
Figure 3, among the range of k2f values simulated, although
initial rates of product formation were found to vary dramati-
cally, each was found to approach the same steady-state
value. This is similarly consistent with the results of Figure 2,
wherein as t/t,,x approaches its maximum value, each of the
predicted curves arrives at the same constant slope.

The lag times associated with the experimental data and
model simulations could also be directly approximated
according to the method described above. These results are
shown in Figure 4, together with an illustration of this

dP/dt (mM s™)

0.0 0.2 0.4 0.6 0.8 1.0
vt

Figure 3. The rate of change in product concentration
(P) with respect to time predicted as a func-
tion of dimensionless time for k2f values of
0.005 (dashed), 0.05 (dot-dashed), 0.5 (dot-
ted), and 5 s~ (solid).

2306 DOI 10.1002/aic

Published on behalf of the AIChE

Experimental Data
Mutant O
Des3-7 [
0.8 Des3-6 0.003
Des3-2 0.267
Des3-10 0413 4
M-RQW 0.388 / 2

0.6 4
Model Preditions '
£2f value O 7
0.005 025 %
005 0.0500 %
0.5 0.0050 /
s 0.0005 /

AP/AP,

0.4 4

(7479
Figure 4. Approximation of the lag time, 0,4, associated
with mutant Des3-10. Inset tables summarize
the experimental lag times associated with
each of the studied mutants, as well as the lag
times associated with the model predictions
as approximated via the same procedure.

approach. Whereas a range of lag times between 0 and 0.40
was observed to be obtained experimentally, we find that a
similar range could be generated by varying the value of k2f
from its nominal value of 0.005 s™' to as high as 5 s'. Inter-
estingly, the lag times of M-RQW or Des3-10, both of which
contain the W290F mutation, were higher than that of Des3-2,
Des3-6, or Des3-7, which each contain the intact Trp290 (Fig-
ure 4). Trp290 is known to play an important role in stabiliz-
ing the O radical of Tyr272.5 © Thus, the mutation of this resi-
due is expected to affect the interconversion steps between ES
(or E) and E'S (or E'). Delayed accumulation of the more
active enzyme conformation would be expected to result in
increased lag times (higher ©y,, values).

The dynamic sensitivity of the selected model was subse-
quently characterized with respect to each of the parameters
of Table 1. The predicted results with respect to P, the state
variable of the highest interest to this study, are plotted in

1.00

0754 4

0.50 4

Normalized Sensitivity Coefficient

t

Figure 5. Normalized sensitivity coefficients predicted
as a function of dimensionless time for k1f
(dashed line), k2f (dot-dash line), k2r (dotted
line), k3f (open circles), k3r (solid circles), k4f
(open triangles), and k5f (open squares).
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Figure 5. As is clearly seen, the impact of the predictions for
individual parameters is found to vary greatly with respect
to the state of the system. For instance, although the model
is initially quite sensitive to the parameters k/f and k4f, as
the system proceeds toward its steady-state, the influence of
klf diminishes and approaches zero. Conversely, while the
model is initially predicted to be insensitive to both k2f and
kS5f, this condition quickly changes as these parameters
become increasingly important to the prediction of P, partic-
ularly at the steady state. Similarly, predictions of P were
also found to be increasingly sensitive to k2r, however in a
direction opposite to that of k2f (indicative of their opposing
reaction directions). Meanwhile, predicted values of P were
found to be only mildly sensitive to both k3f and k3r.
Finally, for all practical purposes, P was predicted to be
insensitive to each of kilr, k4r, k5r, k6f, and k6r over the
entire simulated range, including the lag period (data not
shown).

From initialization (#/t,,x = 0) through the preliminary
stage of the reaction (i.e., the lag phase), predicted values of
P were found to be rather sensitive to k4f and much less so
to k5f (Figure 5). This prediction suggests that, during this
stage, most of the product formation occurred through k4f
and was thus derived from ES, not E’S. Toward the steady-
state, however, we have predicted the opposite to be true. As
seen in Figure 5, predicted values of P become increasingly
sensitive to k5f and less so to k4f (though k4f still remains a
significant parameter). Accordingly, this would suggest that,
at steady-state (i.e., after the lag phase ends) more P is
derived via the flux through k5f from E'S than is from ES.
Overall, these predictions support the hypothesis that activa-
tion of the ES complex is an important step associated with
the proposed mechanism and the function of this enzyme.

Discussion

Whereas the presented sensitivity analysis results are char-
acteristic of the parameter values given in Table 1 (i.e., the
location in the parameter space), the model and its sensitiv-
ity coefficients may also be solved for different sets of pa-
rameter values. Although we are free to explore the parame-
ter space, we will confine our investigation to only physi-
cally relevant sets of parameters. From its initial value of
0.0001 s ', predictions of P remained almost completely
insensitive to k6f. However, had k6f been 1000-times greater
(i.e., estimated as 0.1 s~') we would have then found that P
would be sensitive to k6f throughout the initial transient pe-
riod, until approaching steady-state. From a mechanistic per-
spective, as ko6f increases so does the rate of formation of E’
which, in turn, can lead to increased rates of E’S formation
(through k3r, see Figure 1), and ultimately to P (by k5f).
Thus, as the value of k6f increases, so does its importance
relative to the formation of P (data not shown). On the other
hand, if k5f were to be increased by a factor of 1000, for
example, we would then find that predictions of P would be
rendered essentially insensitive to the value of this parame-
ter. In other words, k5f would become so large that small
changes to its value would then have little overall effect on
the flux through this step. Under such conditions, it would
also follow that the model would become increasingly sensi-
tive to those reactions, which supply the precursor E’S.
Accordingly, our predictions suggest that the sensitivity of P
to k3r and k2f would become greatly elevated under these
conditions (data not shown).
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No naturally-occurring glucose oxidase has yet been
found which acts upon the C-6 hydroxyl group of glucose.
Sun et al. generated glucose 6-oxidase (M-RQW).® but the
kinetics of this mutant has never been studied intensively.
We have generated and kinetically analyzed a set of glu-
cose-6-oxidases and found that the W290F mutation was
highly correlated with an observable delay in the initiation
of glucose oxidation. Whereas the exact cause of this lag
phenomenon remains unknown, here we have proposed a
mechanistic model to describe the enzyme kinetics and per-
formed sensitivity analysis as the first step toward under-
standing this behavior. We have also found that changes in
the magnitude of the first order rate constants alone do not
result in significant lag period for the established, wild-
type mechanism with galactose. Our analyses have shown
that the interconversion step between ES and E’S, which is
responsible for activation of the ES complex, may be pri-
marily responsible for the observed delay. Trp290 is known
to protect the active site by restricting the entry of other
molecules and by stabilizing the radical on Tyr272.>°
When Trp290 is replaced by Phe, a smaller residue, we
expect a more accessible and less stable radical site, result-
ing in a much slower accumulation of E’S (as predicted by
a larger k2r or, alternatively, a smaller k2f). As illustrated
in Figure 2, the predicted results based on our proposed
model mechanism are consistent with this explanation. It
has also been observed that the W290H mutant displays
almost the same value of K, (on galactose) as that of the
wild type GaOx, but that its k., value is more than three
orders of magnitude lower than that of the wild type
GaOx.” The fact that the steady-state model predictions
were found to be more sensitive to the parameters associ-
ated with enzyme turnover (i.e., k4f and k5f which are both
related to k.,) than those parameters associated with the
equilibrium steps (i.e., kIf, klr, k3f, and k3r, which are all
related to K,,) might be connected to this experimental
result. Similarly, the newly created GlcOx containing the
W290F mutation (M-RQW and Des3-10)® showed a very
low GaOx activity.'” This phenomenon may likewise be
explained by the coexistence of the two enzyme conforma-
tions and the increased destabilization of the E’S form by
the W290F mutation, leading to slower turnover. Finally,
the observation that by arbitrarily changing the equilibrium
constant of Reaction 1 (Figure 1, where K1 = klr/kif)
from a nominal value of 250 to 1/250 uM imposed no sig-
nificant effect to our predictions of the lag profile or the
normalized sensitivity coefficients (data not shown) further
supports our finding that the model predictions are less sen-
sitive to the equilibrium steps associated with the substrate,
enzyme, and substrate-enzyme complexes than the turnover
steps.

Conclusions

We constructed and characterized mutants of GaOX to uti-
lize glucose as a substrate, which may find use in biosyn-
thetic pathways.'” As the first step toward understanding
these new enzymes, we proposed a kinetic model and per-
formed sensitivity analysis. With this model, we were able
to explain the relationship between the lag phenomenon and
one of the key amino acid residues for catalysis. Whereas
detailed kinetic, spectroscopic, and structural studies will be
required to broaden our understanding of these newly created
GlcOx enzymes, especially with respect to different
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conformations (E and E’), our current work would serve as
the first blueprint to this end.
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