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Calculation of immobilized enzyme
reaction progress curves from nested
ordered-sequential rate expressions
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A method for estimating immobilized enzyme reaction progress curves, using simultaneous non-linear
regression analysis of 2—3 substrate concentrations with time, is presented. These facile procedures involve
using nested Gauss—Newton curve fitting algorithms on a Microsoft EXCEL spreadsheet. We refer to our
technique as “nested” because the analysis consists of two or three mutually parameter-dependent sets of
computations associated with bi- or termolecular enzyme-catalyzed reactions, respectively. We have applied the
method to immobilized glucose oxidase-catalyzed reactions ([D-glucose] and [O,] with time) and found that
the kinetic parameters from initial velocity data were similar to those determined by the nested curve fitting
method discussed herein. © 1999 Elsevier Science Inc. All rights reserved.
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Introduction

Glucose oxidase (GO; B-D-glucose:O, 1-oxidoreduc-
tase) is a flavin-adenine dinucleotide (FAD) modulated,
cell wall-bound! %ycoprotein.z‘4 This commercially
important enzyme>>"1* catalyses (Figure 1) the oxida-
tion of B-D-glucose’s (G) anomeric carbon to form
glucono-3-lactone**'*~17 which spontaneously hydroly-
ses to form gluconic acid (GA), an important product
in the food and pharmaceutical industries.'® The reac-
tion mechanism of GO is best modeled” as an alter-
nating two reactant, ordered-sequential, system fre-
quently referred to as bi-bi (two substrates and two
products) ping-pong (PP) because the enzyme’s pros-
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thetic grou , FAD, fluctuates between two oxidation
states, !> 71720722

Standard GO PP kinetic techniques'®~%* rely on the
observation of pseudo-zero order rate constants (p)
determined at various concentrations of the two subs-
trates, glucose and O, ((G] and [O, ]; Figure 1).°
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Figure 1 Reaction scheme for the conversion of
B-D-glucose to glucono-3-lactone via GO

k
Ko, = k—j (1c)
V.S =k,[GOl, (1d)

In these equations, assuming only “weak” lactone in-
hibition,”” K5 and Ky, represent the substrate con-
centrations for which the average vacancy time equals
the mean residence time of the GO,.4- G and GO, - O,
complexes, respectively.?

A facile reaction progress curve-fitting routine, which
estimates kinetic parameters for multiple substrates,
could be useful for immobilized enzymes for diverse
reasons. Pseudo-zero order kinetic techniques require
numerous independent observations of p as a function
of the primary substrate concentration (with at least
two secondary and tertiary substrate concentrations)
and are not readily applicable for immobilized en-
zymes.”> We have found that, because of sampling
error associated with a hydrated solid, the utilization of
substrate saturation kinetics with immobilized enzymes
results in unsatisfactory scatter. Additionally, for the
production of aldonic acids using immobilized enzymes
such as glucose (EC 1.1.3.4) or hexose oxidase (EC
1.1.3.5), it is desirable to be able to predict the yield of
the product, or loss of substrate, directly (e.g., concen-
tration vs. time = reaction progress curve). For such an
analysis it is useful to know the values of K and K,
because changes in these parameters could occur due
to the immobilization matrix?®* and alter the reaction
progress curve. For instance, Gentry et al.® have shown
that restricting an enzyme to any surface can alter the
enzyme-substrate collision rate through perturbations
in the “dimensionality of the diffusive path”. This find-
ing implies that the surface structure can either in-

crease or decrease the effective substrate concentra-
tion which the immobilized enzyme encounters, de-
pending on the chemical nature of the matrix used?-*
and would, by definition, alter the apparent values of
Ks and Kj. In order to model an immobilized
GO-—glucose reaction progress curve, and simultane-
ously extract the kinetic parameters, one must inte-
grate the PP rate expression [Eq. (1a)].

161Ks[0,]1+ K, [G] +[G][O,]

_16 ("4 =
Vaox [O de /[G]O GIto, 1 d[G]
(2a)
_{IG] - [Gl}{K,, + 10,1} [G]
— m(:Jaxt— [02] +KGlogem
(2b)

Eq. (2b) shows that it is impossible to gather all the
primary substrate, [G] and [G],, concentration terms on
one side of the definite integral since the solution
involves a transcendental function of [G] in an essen-
tially non-algebraic way. Thus, as shown previously,”
algebraic considerations restrict the application of sym-
bolic integration.

There are two types of reaction progress curve analy-
ses:*® integral methods??"73® and differential
methods.?***% We concern ourselves here only with
the integral methods which tend to present fewer tech-
nical difficulties.*” In simple systems (e.g., one subs-
trate only), some integration methods”*** have em-
ployed analysis of mathematically-manipulated subs-
trate concentration as a function of time using a sym-

~ bolically integrated Michaelis—Menton?' (MM) rate ex-

pression. Another technique®® has been developed to
address some of the errors associated with certain MM
integration schemes and allows the utilization of simple
regression analysis. However, the use of any linear
regression technique for non-linear functions is proble-
matic because they can be based on an incorrect error
model.*® Other methods, involving symbolically-in-
te%rated rate expressions, have also been 2groffered.
2-27-37 For instance, Duggleby and Morrison®?° devel-
oped a method which resulted in admirable reaction
progress curve fits in various systems. However, for
systems of high molecularity this method would require
data to be collected at several concentrations for each
substrate involved.

In this manuscript we describe a novel and facile
numerical approach. The major difference between our
approach and other numerically-integrated methods re-
sides in our utilization of nested non-linear regression
algorithms for each substrate to extract all the PP
kinetic information as well as predict reaction progress
curves. One advantage of our approach is that only two
sets of observations, one for each substrate, are re-
quired. We refer to this technique as “nested” since it
consists of two mutually parameter-dependent sets of
X-Y vectors (for GO: [G] and [O,] as a function of
time) associated with each bi-molecular reaction
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progress curve. Our method can be easily modified to
work with higher order (e.g., termolecular) reaction
mechanisms as well.

Materials and methods

Immobilization of GO

Numerous routines for immobilizing GO have been
reported.>"31011:4647 \We have chosen to use Fractogel be-
cause it is a commercially available method for immobilizing
manifold proteins especially for affinity chromatographic ap-
plications. Fractogel immobilization has the advantage over
other methods since the gels’ particle size is small (25-40
pm). Particle size is of particular concern;?* if the ratio of
the coefficient of diffusion for some substrate (S) to the
square of the unstirred layer (8) surrounding an immobilizing
matrix is < V5, /K, the reaction will be under diffusional
control by the substrate. Clearly, if the particle size of the
immobilizing matrix is small so will be . Lastly, the im-
mobilization procedure described herein is simple relative to
more involved techniques.®!348-50

Typically 1 g of dry Fractogel (Fractogel EMD Azlactone
650S, 10087-1, EM Separations Technology, EM Industries,
480 S. Democrat Road, Gibbstown, NJ, USA 08027) was
washed with 10 ml of 0.1 M Na phosphate (equimolar mono-
and dibasic) buffer at a pH of approximately 6.7 and cen-
trifuged to pellet the matrix. Approximately 10,000-20,000
units (1 unit =1 pmol min~?!) of low catalase GO (Sigma,
from Aspergillus niger; dialyzed and freeze-dried prior to use)
was dissolved in 10 ml of buffer and added to the washed
Fractogel whereupon the pH was readjusted. This mixture
was agitated continuously and allowed to react for a total of
5-6 h at 25°C and refrigerated until needed. All Fractogel -
GO immobilizations reported in this work were washed ex-
haustively until no free GO eluted.

Assay methodology

All routine GO enzyme activity assays involved the use of
O,-saturated ([0,], ~0.00115 M) 1 M glucose ([G],) in a
water jacketed (1.42 ml; 25°C) O, electrode /cell (YSI model
5300 Biological O, monitor equipped with a Kipp & Zonon
DELFT BV dual channel recorder) and non-linear regression
analysis of the [O,] vs. time progress curve utilizing a numeri-
cally-integrated version of the MM equation.”! In these cal-
culations, any mth [0,] ([0,]%) was estimated to be

calc 0oDs VnolﬂgﬁAt
0,12 =101, - Tl (3)
— g
(0,152,

at any time ¢,, ([m — 11 X A¢); in Eq. (3) m > 1 and [0, % =
[0,]y; the total number of points used (M) was typically
21-41. Units of enzyme activity were obtained from V92
(mol 171 s71) as

units = ¥,92 X 0.00142 1 X 60 s min~! X 10¢ wmol mol '
4)

Calculating activity in this fashion produced results similar to
what was expected for GO from our source: Sigma estimated
2.5 10° units g~ dry GO; 2.6 X 10° units g~ was calcu-
lated [Eq. (4)] from the dialyzed and freeze-dried product.
The apparent MM constant (Ky,) for O, determined this
way typically averaged 678 (430-40, asymptotic standard
error,’! &) pM.

BC-NMR spectroscopy was utilized for glucose quantifica-
tion since gluconic acid was found to interfere with various
reducing sugar assays. Samples (1 ml) for > C-NMR analysis
were dried under N, and dissolved in 1 ml of 99.9 atom%
D,0 (MSD isotopes; pD = pH + 0.4 ~ 7) just prior to NMR
examination. ‘All samples reported herein were analyzed for
glucose /gluconic acid with a Varian Gemini NMR spec-
trometer (5 mm dual 'H-'3C probe) operated at approxi-
mately 200 MHz for 'H (B, =4.7 T). The solutions were
allowed to equilibrate approximately 15 min at 25-30°C
whereupon manual shimming was performed with intermit-
tent examination of the 'H spectrum to minimize residual
H,0’s Av, ,,(<2 Hz). Typical spectrometer conditions were:
4-K data points; 13-kHz spectral width; 18-us pulse width
(approximately 68° pulse); approximately 2-s recycle time (T
for most simple sugar C, resonances vary around 0.4 s);
approximately 2,000 transients; 10-Hz line broadening (ex-
ponential multiplication).

Gluconic acid resonance assignments (6 mg of glucono-3-
lactone in 0.4 ml of 0.1 M Na phosphate [equimolar mono-
and dibasic] in D,0) were made by performing various exper-
iments on a Bruker AMX 600 NMR (B, =14.09 T) spec-
trometer equipped with a 5-mm, triple resonance, inverse,
z-gradient probe and a S-17 gradient amplifier (digital inter-
face). All gradients were applied as 128 points (1,/2-sine bell)
for a duration of 1 ms (recovery delay = 20 ws). To make the
'H assignments, a gradient-assisted COSY experiment was
acquired using a gradient pair applied at 6 G cm ™~ !: one scan
was recorded per ¢, increment with a sweep width of 2.5 ppm
for ¢, and ¢,; 1 K of complex data points were acquired for
the f, dimension and 256 increments in f;. Data were
zero-filled to 512 points in ¢; and further processed using sine
bell apodization in both #; and ¢,. To assign the *C spec-
trum, a phase sensitive HSQC experiment was 2performed
using gradients for coherence pathway rejection:** gradients
were applied at 18, —10.8 and —3.6 G cm™!; a sweep width
of 6 ppm was used for 'H and 55 ppm for *C; one transient
of 1-K complex data points were acquired for the 128 ¢,
increments; GARP decoupling was applied during the acqui-
sition period. The data was processed using a shifted-sine bell
apodization function in ¢; and ¢, whereupon data were
zero-filled to 512 points in #; prior to fourier transformation;
no base plane correction was applied. Glucose resonance
assignments were based upon the work by Pfeffer ez al.>

For NMR glucose quantification, the methylene hydroxyl,
C-6, resonances of both glucose and gluconic acid were used.
At the pH and ionic strength employed in these experiments
neither y- nor 3-gluconolactone were apparent (Figure 2).
[G] was calculated (Figure 2, inset) as

[G] = X [Glo 5)

6
Ag+Aga

following linear baseline correction ((G],=0.1 or 0.2 m).
Figure 2 displays *C-NMR spectra (¢ = 14, 28, 42, 56 and 182
min) of representative samples (GO type X-S immobilized on
Fractogel: 38 units g~', approximately 1.59 g were used in a
25-ml reactor; apparent K = 64 mM). As the reaction times
progressed from 14 to 182 min, gluconic acid’s C-6 resonance
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(GA-6: 64.5 ppm) gradually increased in extent at the ex-
pense of glucose’s a/B-C-6 resonance (62.7 ppm). We have
performed 400 MHz 'H NMR studies on these same sam-
ples, integrating the H-1 or H-2 resonances for glucose or
gluconic acid, respectively, with similar results but, due to
requisite presaturation of H,O, were concerned that the
a/B-H-1 resonances’ integration might be affected.

Immobilized GO reaction conditions

Secondary substrate (O,) reaction progress curve observa-
tions were made applying methods, aforementioned, using
approximately 11-61 mg (pelleted wet weight) of the Frac-
togel - GO matrix without catalase. All primary substrate ([G],
=0.1 or 0.2 M) reaction progress curve studies ([O,],~
0.00115 M in 25 ml of 0.1 M Na phosphate buffer, continuous
agitation, pH 6.7 at 25°C) were performed using approxi-
mately 0.75-1.76 g of hydrated Fractogel- GO with approxi-
mately 1,000 units of catalase (Sigma C-9322 Lot 84H7170).
Specific reaction conditions are presented in the figure head-
ings. Due to the continuous production of gluconic acid, the
reactions were maintained at a constant pH (¥ = 6.76 £ 0.12)
with the addition of small (5-10 wl) aliquots of NaOH-
saturated H,O to a total of approximately 170 + 40 pl. For
the glucose experiments, 1 ml of sample was collected at each
time interval, immediately centrifuged (Microfuge, 30 s) to
pellet out solids and dried under N,. The samples were
redissolved in D,O only just prior to *C-NMR analysis.
Several samples were maintained at room temperature (open
to air) after NMR spectroscopic examination for future study;
results indicated that there was no active Fractogel-GO in
these solutions since the relative concentrations of glucose
and gluconic acid remained constant.

All GO substrate saturation PP kinetic assays involved the
use of air- or O,-saturated ([O,], ~ 288 or 1150 p.M, respec-
tively) 0.1 M Na phosphate buffer with 0—100 mm D-glucose
([G]y) in a water jacketed (1.42 ml; 25°C) O, electrode cell.
Linear regression analysis of [O,] vs. time data was per-
formed in order to calculate initial velocity (p). For the
Fractogel - GO substrate saturation PP kinetic study, approxi-
mately 12 + 3 mg (approx. 0.45 units; 38 units of GO type X-S
g~ 1) of the hydrated gel were used for each observation. For

Table 1 Arrays used in the evaluation of reaction
biomolecular ordered-sequential rate expression

solution studies 100 nl (approx. 1.7 units) of GO (Sigma
types: X-S or II) was allocated into the O, electrode cell with
a Hamilton syringe. Standard non-linear regression analysis
using Eq. (1a) was used to extract the various kinetic parame-
ters from p as a function of [G], at the two [O,],s reported
above.

Reaction progress curve calculations

The computational procedure reported herein is identical to
the any Gauss—Newton (GN) linearization procedure*! with
the exception that two sets of X-Y vectors (X®-Y¢ and
X02-Y02), and associated matrices, are put to use and iter-
ated simultaneously. In the X®-Y© data arrays, Ko is
treated as a constant and made equal to that same term in
the X92-Y©2 set of coinputations. Concurrently, in the
X©2-Y©92 computations, K is treated as a constant and
made commensurate with the K term being iteratively-
solved for in the X6-Y© set of arrays.

The method and algorithm presented in this work could, of
course, be coded in any suitable language, such as FOR-
TRAN or Mathematica. We chose to base our presentation
on Microsoft EXCEL because it is one of the most widely
utilized computational program which has built-in array func-
tions with iterative solving. Additionally, manipulating arrays
is much easier to do in EXCEL than it is with other data
analysis packages, such as Mathematica, because EXCEL
spreadsheets are arrays themselves. To demonstrate the EX-
CEL nested and numerically-integrated GN procedure we
have created a simplified spreadsheet shown in Figure 3
(indices: [---L=2, m--M=7, n-+-N for parameters,
observed data, and iterations, respectively). For clarity we
have kept the total number of points small (M = 7). In order
to construct the X-Y vectors, computer-generated points
were created using the numerical functions for glucose and
O, shown in Table 1 whereupon M =120 (At=1). The
values for Y,© and Y,92 (M = 7) were selected from this array
at increments of A¢=18. All the NMR and O, electrode
data discussed in this work involved similar manipulations.
Herein, Z*"! represents the partial derivative matrix of FS
or F2 (Table 1; with respect to V.5, K¢, Vaz, Ko,) and ZI

max?

progress curves utilizing numerically integrated, nested,

m X&=time (min) F,,/mol glucose 17" X%:2=time (s) F,/mol O, I7'
1 0x At [Gly= Y =F, 0 x At [0,],= YO:=F,
VS, At VvO:z A
2 1X At Y1G—K+=F2 1% At y1oz_Km=='—>l<<t=,.-2
-G 02 G 0,
Y1G+[02]0+1 [G10+Y1°2+1
VS, At Vs, At
3 2XxAt YzG_Tma,—ég-—“=F3 2 X At YP2 — Ke ma)l(<0 =F;
2 2
Y2G+——]—[020+1 [G0+Y2°2+1
V. [CIAt VIO2IA ¢
M (M—1) x At YS_, max =Fy (M=1) x At Yo, — =F,
KG Koz 1 KG KOZ 1
vs_, 10,1, " Gl * ¥
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A | B | 9 | D | E | F | 6 [ H T | | J | K
1| t(min) YS/M FC Ve, K, Vo Ko, 5S¢
2 0 0.1 0.1 | 2.50E-03 | 2.50E-02 | 4.00E-05 | 7.00E-04 | 2.51E-05 |
3 18 0.076249 | 0.075824 Ve, Ko, Vo Ko n S8,
4 36 0.053706 | 0.0530436 |_2.50E-03 | 2.50E-02 | 4.00E-05 | 7.00E-04 | 5.74E-09 |
5 54 0.03316 | 0.0320389 AP for G {=MMULT(A30:G31 H6:H12)} [Y5-E.] Z for [G]
6 72 0.016161 | 0.0141349 0.000247 0 -9.67038 | 0.129884
7 90 0.00522 | 0.001913 0.015146 | 0.000425 | -9.28204 | 0.156936
8 108 0.001053 | -0.001811 AP for G {=MMULT(A43:G44, H14:H20)}| 0.000663 | -8.66698 | 0.194257
9 t (sec) Y2 /M F:’ { 9.48E-06 | 0.001121| -7.61013 | 0.242568
10 0 0.001145 | 0.001145 € =SQRT(12*(A27 or B28)/(7-2)) { 0.000496 | 0.002026 | -5.69935 | 0.279152
11 18 0.000781 | 0.0007582 247E-04 | VS, 0.003307 | -2.81231 | 0.210429
12 36 0.000477 | 0.0004455 9.0203 | Ko 0.002864 | -0.71001 | 0.066488
13 54 0.000252 | 0.0002122 € =SQRT(14*(A40 or B41)/(7-2)) [¥-F.] Zfor[0])
14 72 0.000113 | 7.33E-05 7.71E-06 v:.?;, 0 -9.67038 | 0.181497
15 90 4.48E-05 | 1.642E-05 293604 | Ko, 2.28E-05 | -8.38651 | 0.200128
16 108 1.64E-05 | 2.131E-06 3.16E-05 | -6.62484 | 0.204402
17 4E-05 | -4.47035 | 0.176147
| 18| 4.02E-05 | -2.42593 | 0.115271
| 19 |Glucose Arrays 2.84E-05 | -1.06631 | 0.05642
20 |2’ {(=TRANSPOSE(16:J12)} 1.43E-05 | -0.40937 | 0.022728
21| -9.67E+00 | -9.28E+00 | -8.67E+00 | -7.61E+00 | -5.70E+00 | -2.81E+00 | -7.10E-01
22| 1.30E-01 | 1.57E-01 | 1.94E-01 | 2.43E-01 | 2.79E-01 | 2.10E-01 | 6.65E-02
23 |2'Z {=MMULT(A21:G22,16:J12)}
24 | 3.54E+02 | -8 47E+00
25| -8.47E+00 | 2.65E-01
26 |(Z'2)" {=MINVERSE(A24:B25)}
27 ] 1.21E-02 | 3.88E-01
28] 3.88E-01 | 1.62E+01
29 |(Z'2)* Z {(=MMULT(A27:B28,A21:G22)}
30| -6.69E-02 | -5.17E-02 | -2.97E-02 | 1.87E-03 | 3.93E-02 | 4.76E-02 | 1.72E-02
31| -1.65E+00 | -1.06E+00| -2.17E-01 | 9.76E-01 | 2.31E+00 | 2.32E+00 | 8.02E-01
| 32 |Oxygen Arrays
33 |Z' {(=TRANSPOSE(114:J20)}
34| -9.67E+00 | -8.39E+00 | -6.62E+00 | -4.47E+00 | -2.43E+00 | -1.07E+00 | -4.09E-01
35| 1.81E-01 | 2.00E-01 | 2.04E-01 | 1.76E-01 | 1.15E-01 | 5.64E-02 | 2.27E-02
36 |Z'Z {=MMULT(A34:G35,114:J20)}
37| 2.35E+02 [ -5.92E+00 |
38| -5.92E+00 | 1.63E-01 |
39 |(Z'2)" {(=MINVERSE(A37:B38)}
40| 5.18E-02 | 1.88E+00
41] 1.88E+00 | 7.47E+01
42 |(Z2)" Z {=MMULT(A40:B41,A34:G35)}
43| -1.59E-01 | -5.71E-02 | 4.21E-02 | 1.00E-01 | 9.16E-02 | 5.11E-02 | 2.16E-02
44| -4.66E+00 | -8.49E-01 | 2.79E+00 | 4.74E+00 | 4.04E+00 | 2.21E+00 | 9.27E-01

Figure 3 Microsoft EXCEL spreadsheet showing the computation of the various arrays used to analyze a
nested set ([Gl and [0,] vs. time) of reaction product data (a four parameter fit! and utilizing the GN

linearization procedure

is the transpose of Z. All calculations (Figure 3) were per-
formed by carrying out the following steps:

(1) The X-Y vectors were defined:

XS ={A2:A8} and Y,© = {B2:B8}

X202 = {A10:A16} and Y,02 = {B10:B16}
) EgS, ={C2:C8} and FQz = {C10:C16} @
(3)  Cells {E2:H2} define V0., K, Vo, and K , respec-

tively. Cells {E4:H4} define:

Vn?ax,n = VmGax + (G6 X K) (63)
Kgn=Kg+(G7xk) (6b)
VO: =024 (G9Xk) (6¢)

max,n max

Ko, n =Ko, + (G10X k). (6d)

The convergence rate factor, k, was set to 0.1 in order
to slow down the convergence process and thus avoid
potential problems with overshooting®® the desired
minima in the error sum of squares. We chose this
value of k because it gave the best overall results and
was based exclusively on trial-and-error; of course, k
can be unity when the initial estimates are fairly close
to the final form.

Cells {H6} = 0 and {H7:H12} =

V.S At

{B3:B8} — | {B2:B7} —

KG 0,
®2B7) T $B30 "1
(7a)
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(6))

(6)

Cells {H14} = 0 and {H15:H20} =

V.92 At
{B11:B16} — | {B10:B15} — maXK
S_+ %41
$B$2 ' {B10:B15}
(7b)

Equalities within brackets, “{}”, indicate that the
expression is applied throughout a block of cells
(e.g., an arrayed function); to enter an array func-
tion, all cells to be used must be selected (e.g., for
A34:G35) and the equation input (e.g.,=
TRANSPOSE(114:J20)) followed by “command”+
“enter” (Macintosh version) or “control” + “shift” +
“enter” (PC version). Cells defined as
$LETTER$NUMBER indicate that each cell within
the array contains this particular, or absolute, refer-
ence regardless of its position within an array. For
example, when m =2

V.S At
KG Koz
B T 38310 T
(7¢)

YL —-FS=H7=B3-|B2—

Cells 12 and I4 define the sums of squares for glucose
and O,, respectively,

SSg = {SUM((H6:H12)*)} and SS,,
= {SUM((H14:H20)%)}, ®)

Cells {I6:112} =

kg, At

- - 9
v S Ko, a)

Z
1+ No
{B2:B8} ' $B$10°

Cells {J6:J12} =

7 = Fpm _ VS At
m2 aKG KG 0, 2
{B2:B8} X (1 + B2Bg T I8 10) .
(9b)
Cells {I114:120} =
7 - dFQ: _ At
" 11+ Ko, Ko,
$B$2 ' {B10:B16} "
(9¢)

Cells {J14:J20} =

)

®

)]

V.92 At
) KG KOZ :
{B10:B16} X (1 tsBsz * {B10:B16}) ’
(9d)

Z! (all arrays for glucose), {A21:G22}, was calculated
by selecting the appropriate (2 X 7) cells and per-
forming the function

{= TRANSPOSE(I6:J12)} (10a)
2'Z, {A24:B25}

{= MMULT(A21:G22,16:J12)} (10b)
Z'77, {A27:B28}

{= MINVERSE(A24:B25)} (10¢)
72772, {A30:G31}

{= MMULT(A27:B28,A21:G22)} (10d)
Z! (all arrays for O,), {A34:G35}

{= TRANSPOSE(I14:J20)} (11a)
Z'Z, {A37:B38}

{= MMULT(A34:G35,114:720)} (11b)
Z'Z771, {A40:B41}

{=MINVERSE(A37:B38)} (11c)
Z\27'Z), {A43:G44}

{= MMULT(A40:B41,A34:G35)} 11d

Generally, for any substrate S at some iterative state
n for a M array of [S] observations

Yls - Flsn
Vis—Va -1 | Y§—F}
- max max,n | _ | Z] 2 2n
AP Ks—Ks, z'D) I
Ylli - Flﬁn
(12a)
AP for glucose, {G6:G7}
{= MMULT(A30:G31,H6:H12)} (12b)
AP for O,, {G9:G10}
{= MMULT(A43:G44,H14:H20)} (12¢)

Errors (E11, E12, E14, E15), known as the asymptotic
standard error or e, related to the individual kinetic
parameters can be estimated from the following for-
mula whereupon
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M
@' Y (Y, -F,)

m=1 .
M_L ; (12d)

subscript I, above, stands for the //th (e.g., diagonal)
element of the matrix (Z'Z)~!; e.g., for K,

E12 = SQRT(12*B28 /(7 — 2)); (12e)

thus K5 =2549 mm.

(11)  To select for iterative solving in EXCEL: choose
either “preferences” or “options” (depending on ver-
sion) from the “tools” menu — “calculation” — then
choose “automatic” or “manual”, check the iteration
box, set the “maximum iterations” (we use 500), and
set the “maximum change” (we use 0.001). Lastly,
cells {E2:H2} are made equal to {E4:H4} thus creating
the circular reference needed to induce iterative solv-
ing (the precision desired can be altered by selecting
the appropriate cells, {E2:H2} and {E4:H4}, and
changing the number of decimal places desired). This
is done by selecting cells {E2:H2} which have some
initial value provided, press “=", “down arrow” to
the reference cells {E4:H4}, then “enter”; this process
is repeated for each of the selected cells. The criteria
used for establishing convergence is based upon
observation of the minimization of the sums of squares
of the observed differences between the fit and the
data (e.g., 12 and I4). When the 12 & 14 no longer
change in the last decimal place we can reasonably
assume that the calculation has converged and can
manually stop the process by typing in the displayed
values for all the parameters. Another factor for the
determination of convergence is change in the two
AP arrays, {G6:G7} and {G9:G10}. When these cells
are changing very little relative to the values in
{E2:H2} then one can also say the process has con-
verged. Lastly, EXCEL will also stop the calculation
when the maximum change parameter has been
reached across the spreadsheet.

With any nested and numerically-integrated GN template
as a starting point, approximately 10 min are required to
modify the sheet for a new set of X-Y vectors.

Results and discussion

Reaction progress curve modeling: computer-
generated data

In Figure 4 we present plots of computer-generated
data as well as the initial (n = 0) and final (N ~ 50) fits
using the nested and numerically-integrated GN proce-
dure outlined in Section 2. In order to construct the
X-Y vectors in Figure 4 the [G] and [O,] arrays were
created using the numerical functions shown in Table I
whereupon M =120 (At = 1). The values for Y, and
Y,?2 (£5% error; M =41) were selected from this
array at increments of Az =3 whereupon

YmError =Y, + (Y, X [RAND() — %] X 0.1); (13)

the EXCEL function, RAND(), returns an evenly dis-
tributed random number >0 and < 1. In the table of
initial /final estimates (Figure 4) the first row of num-
bers represent initial values which cause the reaction
progress curve fits to undershoot the observed (U), the
second line of initial estimates cause the curves to
overshoot (O) the observed while the third has mixed
(M) values. Our algorithm converged to the shown
lines of best fit in all cases which we tested and the
converged parametric values varied only approximately
—2-6% from those used to generate the data. We also
have repeated this procedure for a termolecular reac-
tion whereupon

_ 3[Sl] _ an;x[Sl][Sz][Ss]
K [S,1851+ K, [S,1[5;]
+KS3[S1][S2] + [S1][S2][S3]

14

In these tests, the converged parameters deviated from
the values used to generate the data only —1-9%.
Thus, by independently observing three (for an ter-
molecular reaction) sets of reaction progress data and
utilizing the nested GN linearization procedure, a 2 X 3
parameter fit is achieved with excellent precision.

Of course, almost all methods™ for obtaining solu-
tions to non-linear problems, including the one out-
lined in this work, rely on iterating from an initial set
of estimates. The fact that the calculations eventually
converge to a final value does not necessarily prove
that another solution, with even smaller residual sums
of squares, might not exist and be approachable from
another set of initial estimates. However, for the prob-
lem described herein, the existence of more than one
physically reasonable solution is remote since, at the
initial values we tested, the nested and numerically-in-
tegrated GN computations converged to values similar
to those used to create the data (Figure 4).

Reaction progress curve modeling: observed data

A facile reaction progress curve-fitting routine, which
estimates kinetic parameters for multiple substrates,
could be useful for immobilized enzymes. Pseudo-zero
order kinetic techniques require numerous indepen-
dent observations of p as a function of the primary
substrate concentration (with at least two secondary
and tertiary substrate concentrations) and are not read-
ily applicable*’ for enzymes immobilized on films,*
sol-gel %lasses,B’48 non-woven fabrics’ or microcapsular
arrays.”’ In fact, we have found that, because of sam-
pling error associated with a hydrated solid, the utiliza-
tion of substrate saturation kinetics with Fractogel - GO
results in somewhat unsatisfactory scatter (data not
shown; K =51 mM, K, =694 pm). Using the nested
and numerically-integrated GN procedure we obtained
similar parametric estimates (Figure 5A: K =67 + 15
mM, Ko =628 £50 pM; + &, the asymptotic standard
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Initial Estimates Final Estimates Deviation from Actual

AN K¢ v Ko, Ve, K¢
M/min mM M/sec pM M/min mM

V"(‘);" KOz G 0,
M/sec pM Vs K¢ Viax Ko, average

U 5 12 4.8 500 2.45 23.73
0o 25 50 1.2 1000 243 23.50
M 25 12 1.2 500 2.44 23.63

0.0012

0.1

0.075 +

[oxygen] (M)

0.05 +

[glucose] (M)

0.025 +

0.0009 +

0.0006 +

0.0003 +

2.39 714.3 2% 5% 1% 2%  1.40%
237 709.2 3% 6% 1% 1% 2.12%
2.38 712.2 2% 5% 1% 2% 1.72%

80 120

Reaction Time (min)

Figure 4 Demonstration that, at various starting parametric estimates, the nested and numerically-integrated
‘bimolecular ordered-sequential (bi—-bi ping-pong) rate expression GN method converges to values similar to
those (approx. +6%) used to calculate the data (+5% random error). The final fits displayed in this figure
resulted from the three calculated lines at the various starting conditions and demonstrate the high degree
of precision obtained in these curve fits. In the inset table of initial/final estimates the first row of numbers
represent initial values which cause the reaction progress curve fits to undershoot the observed (U), the
second line of initial estimates cause the curves to overshoot (O) the observed while the third has mixed
(M) values. Open circles represent [G] data; open triangles represent [0,] data. The light lines represent the
curves for initial estimates of the parameters; the dark lines represent the final estimates

error>!) and, simultaneously, predicted Fractogel - GO’s
reaction progress directly. Figure 5B shows traditional
initial velocity kinetic data (p vs. [G], for air- and
O,-saturated solutions) for GO type X-S in solution
(Kg=52+4 mM, K, =721+ 61 wm) using non-lin-
ear regression analy31s of Eq. (1a). Because our tech-
nique requires both primary and secondary substrate
reaction progress data as a function of reaction time, so
as to solve for K5 and Ko simultaneously, two V

max

terms are obligatory (.S and ¥,02). Thus, two inde-
pendent activity associated parameters were de-
termined. From the glucose-O, reaction product data
we found V¢ and V.22 were in good agreement [V, S,

max

=36+4 and V.92 =31+ 2 units g~'; converted by a
method similar to Eq. (4)] considering the disparity in
amount of immobilized enzyme used (1.59 g vs. 33 mg
[hydrated)), time scale (180 vs. 10 min) and total reac-
tion volume (25 vs. 1.42 ml). All methods of analysis for
soluble or immobilized GO type X-S were similar and
indicate that our nested and numerically-integrated
GN linearization procedure is reasonable for experi-
mental purposes. These data also argue that the Frac-
togel immobilization matrix does not substantially
change the various kinetic parameters. This latter find-

ing is not surprising since Fractogel’s particle size is
small and this material has been specifically designed
for affinity chromatographic purposes where matrix
interactions with small ligands are best minimized.

We have replicated the aforementioned reaction
progress experiments twice using another form of GO
(type II) which has slightly different solution kinetic
characteristics. In these experiments the initial glucose
concentrations were 0.1 and 0.2 M (Figures 6 and 7,
respectively). Using the nested and numerically-in-
tegrated GN procedure (Figure 64) we estimated that

K5=321+19 mM, Ky =688+78 pm, VS =44+8

max

(1.76 g total) and an;; =48 + 3 units g (61 mg total).
Doubling the initial glucose concentration provided
similar results (Figure 7: Kg =31+ 26 mM, K, =833
+ 84 p.M G =92+17[0.75 g total] and Vm% ='94+5
units g~ [11 mg total]). Figure 6B shows traditional
initial velocity kinetic data (p vs. [G],) for this form of
GO in solution (Kg =23 +2 mM, Ky =423 + 41 pm)
using direct non-linear regression anaiysis of Eq. (1a).

Direct comparison of our results (Figures 5-7) to
literature values for solution or immobilized GO is
problematic due to variability.”%!*!%157174¢ For in-

stance, the apparent K for glucose (using MM kinet-
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Figure5 (A) Primary substrate concentrations, [G] (open circles), plotted as a function of reaction time in the
presence of Fractogel-GO (1.59 g Fractogel-GO [type X-SI hydrated matrix; 38 units g~'; At=14 min). Inset.
plot of the secondary substrate concentration (O, saturated; open triangles) as a function of reaction time (33
mg Fractogel-GO [type X-S] hydrated matrix; At=16 s). (B) p Dependence on [G], (air or O,-saturated) for
soluble GO (type X-S). All solid lines represent the final fit with a minimized sums of squares

ics: Aspergillus niger GO) has been found (temp. ~ in solution studies (Kg=6-110 mMm; K =60 + 43
20-25°C) to vary 2-33 mM for a sampling of various mMm). GO’s MM kinetic parameters depend upon vari-
forms of immobilized GO (K; = 16 + 12 mM). An even ables such as pH and [O,], as well as the methods

wider range in apparent K is observed for GO used utilized (stopped-flow, spectroscopic turnover, etc.) to
A 0.0012 + B
0.1 0.75 T

o
8
=3
-3

0.075 1

[oxygen] (M)

:

s
2 o005}
8
3
2
0.025 +
0 + } al
0.00 0.04 0.08 0.12
0 ‘ ;
t t M ucose] (M.
0 30 60 90 120 lo 1)

Reaction Time (min)

Figure 6 (A) The dependence of [G] (open circles) on reaction time in the presence of Fractogel-GO (1.76 g
Fractogel-GO hydrated [type Il matrix; 43 units g~'; At=6 min). Inset plot of the secondary substrate
concentration (O, saturated; open triangles) as a function of reaction time (61 mg Fractogel-GO hydrated
[type Il matrix; At=8 s). (B) Normalized p dependence on [G], (air or O,-saturated) for soluble GO (type II);
these data represent the mean of three observations. All solid lines represent the final fit with a minimized
sums of squares
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0.2

0.156 +

[oxygen] (M)

[glucose] (M)
o

0.056 1

0 t f

0 50 100

Reaction Time (min)

Figure 7 Primary substrate concentrations (open circles), [Gl,~0.2 m, plotted as a function of reaction time
in the presence of Fractogel-GO (0.75 g Fractogel-GO [type Il hydrated matrix; 88 units g~'; At=9 min).

Inset. plot of the secondary substrate concentration (O, saturated; open triangles) as a function of reaction
time (11 mg Fractogel-GO I[type lll hydrated matrix; At=16 s). Solid lines represent the final fit with a

minimized sums of squares

perform the kinetic analyses. Since the apparent K is
modulated by the mechanism of substrate “dehvery”23
to the enzyme’s active site, small differences in ionic
strength, viscosity of the medium, etc., could play a
significant role in this observed kinetic inconstancy.
Different forms of GO are also known to exist due, in
part, to variance in carbohydrate content (six different
forms) of the enzyme®** and may explain the wide
range in observed isoelectric points™ (pI ~ 3.9-4.3). In
the studies reported herein, the apparent Kjs varied
around 30 (type II) and 60 mm (type X-S) while K, s
were approximately 600—800 pM.

Conclusions

In this manuscnpt we have presented a method for
estimating V.S, V.92, K and K, (bi-bi ping-pong)
from non-linear regression analysis of [G] and [O,] as a
function of reaction time in the presence of im-
mobilized GO. We have made these analyses using
nested GN linearization algorithms for the numerically-
integrated PP rate expression on Microsoft EXCEL
software. We applied this technique to realistic (e.g.,
with scatter) computer-generated reaction progress data
and found that, with various starting conditions (initial
parametric estimates), the calculations converged near
to the parametric values used to create the data. Apply-
ing this technique with immobilized GO-catalyzed reac-

tions, we found that the enzyme’s kinetic parameters
from curve fitting p as a function of variable [G] (two
levels of [O,]) were similar to those determined em-
ploying the numerically-integrated PP rate expression.
Lastly, our method was further tested by performing
the analysis of reaction progress data at two different
initial glucose concentrations which produced similar
results to each other and indicated that Kg, from the
nested and numerically-integrated ordered-sequential
rate expression, is not dependent upon the starting
conditions.
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