


AT

l
|
3 1293 01085 9845

LIPTARY .
Mic" “=an State
Uraversity

This is to certify that the
thesis entitled

PRINCIPAL COMPONENT ANALYSIS OF RAPID SCANNING
SPECTROSCOPY EXPERIMENTS IN
CHEMICAL KINETICS
presented by

Robert N. Cochran

has been accepted towards fulfillment
of the requirements for

Ph.D. Chemistry

degree in

Lotk P

Major professor

Date 8/4/77

©-7639




PRINCIPAL COMPONENT ANALYSIS OF
RAPID SCANNING SPECTROSCOPY
EXPERIMENTS IN CHEMICAL KINETICS

By

Robert N. Cochran

A DISSERTATION

Submitted to
Michigan State University
in partlal fulfillment of the requirements

for the degree of

DOCTOR OF PHILOSOPHY

Department of Chemistry

1977



P

ey

P

ry

s



e

ABSTRACT

PRINCIPAL COMPONENT ANALYSIS OF RAPID SCANNING
SPECTROSCOPY EXPERIMENTS IN CHEMICAL KINETICS

By

Robert N. Cochran

Principal component analyslis 1s used to develop a
procedure for extracting spectral and kinetic informa-
tion from rapid scanning kinetics experiments. The pro-
cedure 1is applied to a rapid scanning stopped flow study
of the horse liver alcohol dehydrogenase (LADH) catalyzed

reduction of the substrate analog, p-nitroso-N,N-dimethyl-

aniline (NDMA) by reduced nicotinamide adenine dinucleotide

(NADH) .

The first step of the procedure 1s to determine,
independently of any mechanistic assumptions and of any
assumptions about the spectral shapes of light absorbing
speciles, the minimum number of light absorbing specles
(absorbers) in each scanning experiment. Two kinds of
principal component analysis, M anglysis and S analysis,
yleld, respectively, the minimum number m of absorbers
in the experiment and the minimum number s of absorbers
whose concentrations must have changed during the experi-
ment. Errors caused by variations of the experimental

signal-to-nolse ratio with wavelength and time are
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eliminated by statistically weighting the principal com-
ponent calculations according to a general model of error
varlances. Further steps in the principal component pro-
cedure use the elgenvectors and eigenvalues from the
welghted M and S analyses as tools for extracting from
each scanning experiment the static spectra and concen-
tration profiles of its absorbers without invoking mechan-
istic assumptions.

Analysis of the LADH-NDMA-NADH experiments reveals
that the reaction has at least seven absorbers over the
wavelength range 250 nm - 614 nm. The static spectra and
concentration profiles extracted by principal component
analyslis show that at least three of these absorbers are
transient intermediates in the sense that their concen-
trations grow and then decay in each experiment. The
resolved concentration profiles of these absorbers give
a set of qualitative observations that should be accounted
for by mechanisms proposed for the reaction. In particular,
the resolved concentration profile of the substrate NDMA
in these experiments is incompatible with the mechanism
proposed for the reaction by Dunn and Bernhard (1971).
Some mechanisms that mlght be consistént with the quali-
tative observations are discussed.

In addition, the rate equations for the reversible
Michaelis-Menten mechanism are integrated to first order
in a singular perturbation scheme. The solutions, which

hold for the entire time course of the reaction reveal
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the range of validity of the steady state assumption in
enzyme kinetics, and they suggest the experimental condi-
tions necessary for extracting rate constants from pre-

steady state data.
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CHAPTER 1

INTRODUCTION

The application of rapid scanning spectroscopic
measurements to chemical kinetlics experiments has been
accelerated by the development of computer assisted data
acquisition systems. (Dye and Feldman, 1966; Santini,
Milano, and Pardue, 1973; Papadakis, Coolen, and Dye, 1975;
Coolen, et al., 1975; Milano and Pardue, 1975; Miller,
et al., 1975; and Hollaway and White, 1975.) A single
rapid scanning klnetics experiment gives a three dimen-
sional surface of a spectrophotometric response, such as
absorbance, versus wavelength and time (see Figure 4.3).
Each surface 1s the result of contributlons from absorbing
reactants, products, catalysts, and transient intermedlates.
Thus, rapld scanning spectroscopy can be a powerful tool
for spectrally and kinetically characterizing complex
reacting systems, 1f we can extract the spectral and
kinetic information from each surface.

In Chapters 2 and 3 we develop the methodology for
extracting the static spectra and concentration-time
profiles of each absorber in a rapid scanning kinetics
experiment, and in Chapter U4 we i1llustrate this methodology
by applying it to a rapild scanning stopped flow study of
a reaction catalyzed by the enzyme horse liver alcohol

dehydrogenase (LADH). In this introductory chapter, we



present an overall view of the analysis of rapid scanning
kinetics data.

Figure 1.1 shows in flow-dlagram form, the steps in-
volved 1n a rapid scanning kinetics study. First, we
measure absorbance versus time and wavelength for a varlety
of initial conditions - the more the better. The varied
initial conditions may be initial concentration, pH, tem-
perature, and any other variables that might affect the
course of the reaction. The chosen wavelength range
should include all suspected absorbers whose spectral
and kinetic properties are to be characterized in the study.
Each experiment should, if possible, extend in time until
absorbance 1s not changing at any wavelength in the scanning
range of the experiment.

Each surface measured in Step 1 contains information
about the static spectrum and concentration-time profile
of each absorber in the reaction. The ultimate goal of
a rapld scanning kinetics study 1s to identify one or more
kinetic mechanisms that satisfactorily explain the concen-
tration-time profiles of each absorber. However, we must
first extract these concentration profiles from the experil-
ments. Moreover, we need to be able to extract the statilc
spectra and concentration profiles before proposing a
specific kinetic mechanism since a kinetic mechanism pre-
supposes that the concentration profiles are already
known. Therefore, in Steps 2 and 3 of Figure 1.1 we

extract the static spectra and concentration profiles
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before proposing kinetic mechanisms in Step 4.

We do not know how many absorbers occur in an experi-
ment before we analyze 1t. Although we usually know which
of the chemicals 1initially mixed are absorbers, and al-
though we sometimes know which products are absorbers, we
usually do not know how many light absorbing transient
intermediates occur in the reaction. 1In Step 2, we de-
termine by the method of weighted principal component
analysis (Cochran and Horne, 1977) the minimum number of
absorbers required to explain each scanning experiment
and how many of these change concentrations. This method,
presented in Chapter 2, requires no assumptions about the
spectral shapes of the absorbers or the kinetic mechanism
of the reaction.

In Step 3, we use an extension of the weighted principal
component analysis method presented in Chapter 3 to resolve
each scanning experiment into the static spectra and con-
centration profiles of 1ts absorbers. Again, we avoid
proposing a particular kinetic mechanism to extract this
information. Instead we resolve the whole experiment by
using the measured static spectra of suspected absorbers
(reactants, products, and catalysts) plus information
obtained by analyzing subspaces of wavelength and time
that have been shown to contain fewer absorbers than the
whole experiment.

In Chapter U4 we apply Steps 1 through 3 of Figure 1.1

to characterize spectrally and kinetically a complex



reac@ion catalyzed by the enzyme horse liver alcohol de-
hydrogenase. Weighted principal component analysis re-
veals that in the wavelength range 250 nm - 614 nm this
reaction has at least seven absorbers. The static spectra
and concentration proflles determined in Step 3 show that
at least three of these absorbers are transient inter-
mediates in the sense that thelr concentrations grow and
then decay in each experiment.

Steps U4 through 6 are the advanced stages of a kinetics
study. Armed with the static spectra and.concentration
profiles determined in Steps 1 through 3, we propose and
test kinetic mechanisms. Each proposed mechanism contalns
adjustable parameters (rate constants, activation energles,
and equilibrium constants.) The criterion for whether
a proposed kinetlic mechanism explains the experiments is
to determine how well 1ts predicted concentrations fit the
concentrations extracted from the experiments when the
parameters are adjusted byAweighted nonlinear least squares.
This step can be performed with a nonlinear least squares
program such as KINFIT (Dye and Nicely, 1971). However,

a typical mechanism for four or more absorbers in a single
experiment may contain eight or more adjustable rate
constants. A frequently encountered problem with so many
adjustable parameters 1is that they cannot all be determined
since some of them are coupled to each other. Insights
into the solution of this common and troublesome problem

can be found in the theory of sensitivity analysis applied



to parameter estimation, discussed in Box and Lucas (1959),
Atkinson and Hunter (1968), Hi11ll and Hunter (1974), Beck
and Arnold (1975), Himmelblau (1970), Cukier, et al.
(1973), Schaibly and Shuler (1973), and Cukier, et al.
(1975).

If Step 5 indicates that our mechanism describes the
experiments and that we have estimated 1ts important
parameters, we may terminate the study. However, 1if we
have several mechanisms all of which describe the data,
or if the important parameters in our mechanism are esti-
mated poorly from fitting the avallable data, we proceed
to Step 6.

In Step 6 we design critical experiments to distinguish
between competing mechanisms and estimate parameters.
Sensitivity analysis gives a criterion that can be used
to design optimal experiments for estimating all the
parameters or subgroups of parameters (Beck and Arnold,
1975; Hi1ll and Hunter, 1974). Hunter and Reiner (1965),
Box and H11l (1967), and Hill, Hunter, and Wichern (1968)
have devised methods for the optimal design of critical
experiments to distinguish between two or more rival
mechanisms. Ultimately, we return to Step 1 to repeat the
cycle by performing the critical experiments devised 1n
Step 6.

The research reported in this dissertation is complete
through Steps 1, 2, and 3. In the last section of Chapter

4, we discuss critically some mechanistic hypotheses



proposed by others for this enzyme system, and we speculate
on mechanisms which might conform to our experimental
results. Steps U4 through 6 have not been taken.

In Chapter 5 we treat the reversible, simple Michaelis-
Menten mechanism, the simplest kinetic mechanism used to
describe an enzyme catalyzed reaction. In particular, we
present a singular perturbation solution of the nonlinear,
stiff differential equations that occur. The singular
perturbation method gives explicit algebralc solutions to
these differential equations. In general, numerical
solutions such as obtained with Gear's algorithm (Gear,
1971) are more practical than algebraic solutions because
the numerical methods are easier to apply. However, the
singular perturbation solution presented in Chapter 5 is
instructive in revealing through its dimensional analysis
the Justification of the steady state assumption in enzyme
kinetics. The explicit solutions also suggest experi-
mental conditions necessary for extracting rate constants

from pre-steady state data.



CHAPTER 2

STATISTICALLY WEIGHTED PRINCIPAL COMPONENT ANALYSIS
OF RAPID SCANNING WAVELENGTH KINETICS
EXPERIMENTS

A. INTRODUCTION

The development of sophisticated computer interfaced
data collection systems has made scanning wavelength
kinetics experiments practical for times as short as the
stopped flow time scale (Santini, Milano, and Pardue,
1973; Papadakls, Coolen and Dye, 1975; Coolen et al.,
1975; Milano and Pardque, 1975; Miller et al., 1975;
Holloway and White, 1975). In a typical scanning wave-
length kinetics experiment a spectral region is rapidly
and repeatedly scanned while a spectrophotometric response
such as absorbance, fluorescence, or chemiluminescence
is meaéured at a fixed number of wavelength channels
across the spectrum during each scan. If the time dura-
tion of each scan 1s short compared to the fastest
spectrophotometrically detectable process in the reaction,
the data can be regarded as a series of N consecutive,
instantaneous spectra measured at p wavelength chénnels
and can be represented by a (pxN) matrix A, where AiJ
is the spectrophotometric response measured at wavelength

channel 1 at the time of scan J.



The reason for sampling this three dimensional space
of response-wavelength-time instead of the simpler two
dimensional space obtalned in a fixed wavelength experi-
ment 1s the need to characterlize kinetic systems that
contaln more than one absorbing, fluorescing, or chemi-
luminescent solute. Whether the ultimate goal 1s to assay
simultaneously several such solutes in a kinetlic system
with a known rate law, or to propose and test mechanisms
for a complex reaction such as an enzyme system with
detectable substrates, products, enzymes and enzyme-bound
intermediates, a necessary first step 1n data analysis 1s
to deternine how many detectable solutes occur in the
reaction. The multivariate statistical method of princi-
pal component analysis, which has been applied to spectral
studles of multicomponent equilibrium systems (Kankare,
1970; Hugus and El-Awady, 1971; Lawton and Sylvestre,
1971; Sylvestre, Lawton and Maggio, 1974), band resolu-
tion of IR spectra (Bulmer and Shurvell, 1973), analysis
of potentiometric data (Vadasdi, 1974), and analysis of
mass spectra (Rozett and Petersen, 1975; Ritter, Lowry,
Isenhour and Wilkins, 1976), is 1deally suited for deter-
mining the number of detectable solutes in rapid scanning
wavelength kinetics experiments.

The analogy between spectral studies of multicomponent
equllibrium systems and scanning wavelength kinetics
experiments and the applicability of principal component

analysis to both was pointed out and demonstrated by
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Sylvestre, Lawton, and Maggio (1974). In this chapter we
extend the application to kinetics experiments and show
that two kinds of principal component analysis are use-
ful for kinetics experiments. Each requires only the
matrix A, and each gives a lower bounds estimate of q,
the number of solutes 1n the reaction with a spectro-

photometric response. Second moment matrix principal

- component analysis, hereinafter called M analysis, gives

for q a lower bounds estimate that 1s sensitive to the
linear dependence of the concentrations of the detect-

able species. Sample covarilance matrix principal com-

ponent analysis, hereinafter called S analysis, gilves

an estimate that 1s sensitive to the linear dependence
of the time rates of the concentrations. These two esti-
mates of q are not necessarily the same, and we show that
application 6f both analyses enables discrimination
between mechanistic alternatives that would be indis-
tinguishable with elther analysis alone.

We first develop rules for the application of M and
S analyses to errorless data. With this simplification
the M and S estimates of q are the ranks of, respectively,
the second moment matrix and the sample covariance matrix.
We then discuss the effect of random measurement errors,
and in particular the case in which the variance of the
measurement errors is not constant throughout the experi-
ment. The goal 1s to infer the essential ranks of the

two matrices; 1.e., the ranks that would obtain if
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measurement errors could be eliminated. After demonstrat-
ing with a simple example that the usual procedure for
inferring the two ranks gives 1incorrect results, we
utilize a general error variance model to develop a
welghting scheme that gives (1) correct estimates of the
essential ranks, (i1) a low variance estimate of the error-
less chemical reaction contribution to the data matrix,
and (111) a simple criterion for interpreting the eigen-
values of M and S in terms of thelr essential ranks.

The welghting scheme 1s applicable to both kinetic and
non-kinetic chemical applications of principal component
analysis.

The starting point for both M and S analyses 1s the
matrix model of the spectrophotometric data. The ap-
plicabllity of principal component analyses requires
only that the response at each wavelength channel be a
linear function of the concentration of each detectable
specles. We discuss in this thesis the analysis of
absorbance data, where the linearity requirement 1s
satisfied if Beer's Law holds. Similar linear laws
occur for fluorescence and chemiluminescence, and the
extension to these systems 1s straightforward. For error-
less absorbance data in which Beer's Law holds, and from
which the solvent baseline has been subtracted, the

matrix model 1s

A=FcC, (2.1)
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where A i1s a (pxN) matrix whose 1, J element AiJ is the
absolute absorbance measured at wavelength channel 1 in
the spectrum scanned at time J. F 1s a (pxq) matrix
defined by F = (gl,ge,...,gq), where f,, hereinafter

called the static spectrum of absorber J is a p component

column vector whose 1'th element 1s the product of the
cell path length with the molar absorptivity of absorber
J at wavelength channel 1. C 1s a (Nxq) matrix defined
Cc = (31,92,...,gq), where gﬂ, hereinafter called the

concentration vector of absorber Jj, is an N component

column vector whose 1'th element is cJ (ti), the molarity
of absorber J during spectrum 1. Principal component
analysls requires that the number of wavelength channels
p and the number of consecutive spectra N are both larger

than the number of absorbers q.

B. The Principal Component Method

The following example 1llustrates the application of
M and S analyses to errorless data. Conslder a three
absorber reaction that follows the simple kinetic mech-
anism I,

ky=3 sec™! k=35 sec™!

where Al, Ay, and A3 represent absorbers one, two, and

three. Suppose that over the wavelength range of the
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experliment these three absorbers have the static spectra
shown in Figure 2.1. An errorless experiment with 50
wavelength channels, 60 scans at 10 msec/scan, and
initial concentrations 01(0) = c3(0) = 0.001M, would yileld
the absolute absorbance surface shown in Figure 2.2. The
goal of the principal component analyses 1s to determine
from Just the information in Figure 2.2, with no prior
information about the kinetic mechanism or the shapes of
the static spectra, the minimum number of absorbers re-
quired to model the experiment, and of these absorbers,
the minimum number that must change concentration during
the experiment.

Since the mathematical detalls of principal component
analysis are well documented (Anderson, 1963), we merely
summarize the procedure here. The second moment matrix

of A i1s the (pxp) matrix M, defined by the equation
M= (1/N) A AT (2.2)

For an errorless experliment, the goal of M analysis 1is

to obtain r the rank of M, which by a standard matrix

M)

theorem (Bellman, 1970) equals r,, the rank of A. Since

A’
rp £Q, Ty 1s a lower 1limit to the number of absorbers

in the reaction. We solve the eigenvalue problem
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A = diag (61,62,...,6 ),

p

89 2852832 ,.., 28 (2.3)

where A 1is the eigenvalue matrix and ¢ is a (pxp) matrix
whose columns are the p orthonormal eigenvectors. For
errorless data, there are two ways of obtaining Ty
(1) The rank of M equals the number of nonzero eigen-
values 61,62,...,6rM; (11) Also, ry 1s the lowest value

of r for which E(r), defined by
A = 9, 100 \A (2.4)
=(r) = (r)=(r)= :

i1s exactly equal to A, where Q(r) is the (pxr) matrix
whose r columns are the first r eigenvectors of M. g(r)
is called principal component estimate of A. We demon-
strate 1in Appendix A that é(rM) = A for an errorless
experiment.

The sample covariance matrix of A is defined by
s = [1/(N-1)1(a-K) (a-E)7, (2.5)
_ N
where A1J = (1/N) kgl Aik‘ An S analysis gives rg, the

rank of S, which is also the rank of (A-A). Figure 2.3

is the (A-R) surface for our example. The data plotted
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in Figure 2.2 are plotted in Figure 2.3 after first sub-
tracting the average of all 60 spectra from each spectrum.

Figure 2.3 1s thus a difference surface.

Glven Beer's Law and errorless measurements, the

matrix model of (A-RK) is

(a-K) = F HY, (2.6)

where H is an (Nxq) matrix defined by H = (Ql,he,...gq),

where

N

and where 1 1s an N component column vector each of whose
elements equals one. Equation (3.6) requires that
P(A-K) < q, and thus, Tg, like Ty» is a lower bounds
estimate of the number of absorbers.

The rank of S has a further slgnificance for kinetics,

as follows. If we assume that the concentration of each

absorber follows an arblitrary mass action rate law,

t
ci(tj) = cy(0) + {d (dey/dt)dt,

then hi(tj) is given by

ty Nt
hy (ty) = J 7 (deysatyat - (1/N) ] f

(dci/dt)dt. (2.7)
o) k=1 “o
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Therefore, the rank of H equals the rank of (dC/dt), and
for an errorless experiment, the rank of S equals the
rank of F(dC/dt). The rank of S 1s thus not only a lower
1imit to the number of absorbers in the reaction, but
also a lower 1imit to the number of absorbers whose
concentrations change independently of one another

during the reactilon.

In an S analysis we solve the elgenvalue problem

SB=BA,  BB-=I
A = dilag(hq,h,,...5) ), (2.8)
A2 Ay 232,00, 2 AL,

The rank of S equals the number of nonzero eigenvalues
of S and is also the lowest value of r for which (E(r)-z),
defined

~ -\ = T -
Rpy)mB) = Bipy B(p) (-8 (2.9)

1s an exact r principal component estimate of the experi-
mental (A-EK) difference surface.

We apply these analyses to the errorless data 1n
Figures 2.2 and 2.3. Table 2.1 lists the first four
eigenvalues of M and S; the remaining 46 eigenvalues

of M and S are zero. Since there are three and two
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Table 2.1

The First Four Eigenvalues of M and S, Mechanism I

M S
1 35.58929 1 0.62866
2 0.55750 2 0.17361
3 0.16755 3 0.00000
4 0.00000 uy 0.00000

nonzero eigenvalues of M and S, respectlvely, we conclude
that ry = 3 and rq = 2. Filgure 2.4 shows the one principal
component estimate of the (A-A) data surface using Equa-
tion (2.9). We note that Figure 2.4 is not an exact
reconstruction of the data surface shown in Figure 2.3.
However, the two principal component estimate, (é(z)-z),
using Equation (2.9) 1s an exact reconstruction of the
data surface in Figure 2.3, confirming that rq = 2.
Similarly, by observing that three is the lowest value
of r for which E(r) given by Equation (2.4) is an exact
reconstruction of the absolute absorbance surface in
Figure 2.2, we confirm that ry = 3.

From the data alone, without assuming a specific
kilnetic mechanism or anythling about the static spectra,

we have determined that three absorbers are required to
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explain the absolute absorbance surface in Figure 2.2
and that there are at least two absorbers whose concen-
trations change independently of one another durlng the
reaction. Since this was a simulated experiment, we

can check these answers against the known facts. There
are three absorbers in the reaction and all three change
concentration with time. However, Mechanism I has the

constraint

dcl/dt + dc2/dt + dc3/dt = 0.

Since this constraint says that the rate of one absorber
depends on the rates of the other two, there are only
two absorbers changing concentration independently.
Thus, for this example, the equality holds in ry < a,
the inequality holds in rg < q, and rg equals the number
of absorbers changing concentration independently during
the reaction.

The goal of an actual experiment is of course the
determination of a mechanism and its rate constants.
When proposing mechanisms to explain an experiment, we
can eliminate those mechanisms that do not give the
(rM,rS) palr obtained from the M and S analyses of the
experimental data. In the next section we give rules
for deducing without numerical computation what (rM,rS)
pair would occur for an errorless experiment given a

kinetic mechanism, a set of rate constants, a set of
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static spectra, and a set of initial concentrations.

In the final two sections, we discuss estimation of the
essentlal ranks of M and S from data contalning varyilng
amounts of random experimental error. These essentlal

ranks follow the rules given for the actual ranks of M

and S 1n errorless experiments.

C. Rules for the Ranks of M and S

From Equation (2.1), the rank of A depends on o,
the rank of F, and Tos the rank of C. This dependence
is summarized in Table 2.2, which is obtained from stan-

dard theorems on matrices.

Table 2.2

Rules for the Rank of M for Errorless
Experiments

Conditions Resulting ry = Rank of M

= w
N =
Q Q o) 2|
IAn A A
in} = =
aQ e e aQ Q
]
o] Q Q Q e}
2]
Q

6
=
o
A
=3
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To use Table 2.2, we need rules for deducing Tn and

To. The rank of F 1is glven by
rp =q - W, (2.10)

where w 1s the number of linearly 1ndependent homogeneous
equations that can be written among the static spectra

of the q absorbers,

jzl aijgﬁ =0, 1=1,2,...,w. (2.11)

Similarly, the rank of C 1is given by
ro =q - u, (2.12)

where u 1s the number of linearly independent homogeneous
equatlons that can be written among the concentration

vectors of the q absorbers,

le bijgj =0, 1=1,2,...,u. (2.13)
We use these rules to predict 'y for the example in the
previous sectlion. Since no equations of the form of Equa-
tion (2.11) exist, we have rp =3 -0 = 3. Mass balance
requires that

ey *cp+ ey = (e (0) + c3(0)) 1 (2.14)
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where cl(o) and c3(0) are the initial concentrations of
absorbers one and three, respectively. However, Equation
(2.14) is an inhomogeneous linear equation, and is not

of the form of Equation (2.13). Thus, we have ro =3 -

0 = 3, and, by Row 1 of Table 2.2, 'y is correctly pre-

dicted to be three.

Table 2.3

Rules for the Rank of S for Errorless Experiments

Conditilons Resulting ry = Rank of M
1 rp=r5=aq q
2 rg < ré = q rp
3 ro<Tp=a re
4 ro Srp<q h
5 rpirs<a <rp

For errorless data the rank of S depends on the rank
of F and the rank of Q = dC/dt. Thils dependence 1s sum-

marized in Table 2.3. The rank of é is given by

r.=q -V (2.15)

where v 1s the number of llnearly independent homogeneous
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equatlions of the form

gij_é_J =0 1=1,2,...,v. (2.16)

Il ~.0

3=1

and where ¢

J

ment is the rate (de

1s an N component row vector whose k'th ele-
J/dt) of increase of concentration
of absorber jJ at the time of scan k.

To predict rg for the example in the previous section,

we note that Mechanlism I leads to the constraint é +

1
s + g3 = 0. Thus, ré =3 -1=2, and since rp is 3,
we correctly observe from Row 2 of Table 2.3 that rg is

2.

When modeling an experiment, we might propose a
mechanism and a set of static spectra for which Row U4
or 5 of Table 2.2 or 2.3 occurs. We predict rM or rg
for such a case by forming a rank factorization of,
respectively, Equation (2.1) or Equation (2.6). For
example, consider Mechanism I 1n a case where the static

spectrum of the product A, is half the sum of the static

2

spectra of the reactants Al and A Because of this con-

3
straint on the static spectra, re is 2, and because of
the constraint on the rates, ré is also 2. From Row

4 or 5 of Table 2.3, we have rqg < 2. To determine rg,

we first note that by Equation (2.7) any constraint among
the rates implies a corresponding constraint among the

vectors h,. Thus, the constraint él + ée + é3 = 0 im-

plies the constraint
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hy + hy + hy = 0 (2.17)

We substitute the two constraints gl - 2f, + £, = 0 and

3
Equation (2.17) into Equation (2.6), and rearrange the

results to obtailn
- T T

Since (A-A) 1s the product of two matrices of full rank

1, we conclude that r, equals 1.

S
From the two examples of Mechanism I discussed so
far, it 1s clear that more than one ordered pailr (rM,rS)
can occur for one kinetic mechanism. In fact, by follow-

ing the procedures described above, we can predict all

of the pairs that can occur for a given mechanism. For
example, Table 2.4 1lists every (rM,rS) pair that can
occur for Mechanism I assuming three absorbers. At least
two sets of constraints are listed that lead to each
(rysrg) pair.

Several important and general points are illustrated
by thls table. There 1is more discriminating power in the
combination (rM,rS) than in ry or rg alone. For example,
an experiment that gives an (rM,rS) pair (3,3), but for
which only ry is calculated could be incorrectly thought
to follow Mechanism I. Moreover, of the cases that can
occur given Mechanism I, ry by itself'distinguishes the

three categories ry = 3,2,1, and rgq by itself distingulshes
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Ty Te Constrairts ir iocition te &) + &, + é3 =C rp re re
3 __k. _No additiconal constraints 2 3 <
2 B. f, 4+ af. +yl; =0, aand y not both zero,
XA =% - 2 R 2
C. £, 4+af.=0,a¥ 0, g¥-1 2 2 z
2 C. f.+af, -(1+a)f, = ¢ 2 2 2
C. kl =} 3 2 1
Fooe ™™t caokgn, eTMet o 1okgt 3 2 1
T 4 G. Z. *al, =Cy Lyt~ =C
a and y nnt both zero 1 3 .
: o Ky o=k, £y ¢ af, *+ [ea(0)/e (e0))fy = 0
a ¥ -[]#c.,(o)/cl(o)] 2 2 1
I. kyo= ko
H -[}Mz(o)/c:(o)]{_? + [ca(o)/cl(o)]£3 =C 2 2 1
¢ J.o ky = }1;
£y ¢+ vieg(o)+c,(0)]/[e5(0)- veqal(0))f, = O
fy+ ¥ =C,v¥C 2 2 1
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the three categories rg = 2,1,0, whereas the (rM,rS) pair
distinguishes the five categories (rM,rS) = (3,2), (2,2),
(2,1), (1,1), and (1,0).

Entry F in Table 2.4 illustrates that by collecting
data over only a short time where the concentration-time
curves are linear, as 1s done 1n most inlitial rate de-
terminatlons, one can introduce a constraint that reduces
ry and rg. Thus, when devising an assay method based
on 1nitial rates, one should first measure the reaction
over 1its entire time range to increase the chance that Ty
and rgq are close to the number of absorbers in the reaction.

Finally, it should be noted tbat any set of constraints
that leads to rq = 0, as in Entires I and J, represents
an extreme. Since (A-A) must then be the null matrix,
every wavelength channel 1s an isosbestlc point, and from
the absorbance data the occurrence of a reaction is un-

detectable.

D. Effect of Random Measurement Errors

Each experimentally measured absorbance has associated
with 1t a random measurement error. A more realistic

model for A than Equation (2.1) should therefore include

measurement errors:

+ €, (2.19)
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where A 1s the matrix of measured absorbances, F and C are
the same as before and are regarded as errorless, and g

is a (pxN) matrix whose 1, J element €1J is the random
measurement error of the absorbance measurement Aij’

The inclusion of € in Equation (2.19) implies that,
in general, the matrices M and S have no zero elgenvalues
and are of full rank p. Thus, Ty and rg do not obey the
rules summarized in Tables 2.2 and 2.3. These rules are
still appropriate, however, 1f we replace ry and rg with
the essential ranks m and s, respectively, where m 1s the
rank of M and s 1s the rank of S for errorless measure-
ments. The goal 1s to infer the essential ranks m and
s from absorbances that obey Equation (2.19).

To complete this model, we must make some reasonable
statistical assumptions about the error matrix e. We
assume that the expected value of ¢, denoted E(g), 1s the
null matrix, and that eiJ i1s uncorrelated to any other
measurement error; thus,

cov(e = 0, 1f 1#k or J#% (2.20)

13°%g)

It 1s also necessary to assume a model for the var-

iance of each measurement error, defined by

var(eij) = E(eiJ2) = oij (2.21)

where 01J i1s the standard deviliation of eij‘ In the most
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general model, each measurement would have 1ts own arbi-
trary measurement error variance. To use this model,

we would therefore need to specify (pxN) variances. On
the other hand, the most restrictive model would require
only one measurement error variance, var(eij) = 2.
Sylvestre, Lawton, and Maggio (1974) have developed
statistical criteria for M analyslis on the single variance
model. We show by an example that deviation of experi-
mental results from the single variance model can lead

to incorrect estimates of the essential ranks m and s.

To correct thils error, we develop a welighted principal
component analysls that accommodates the model

var(eij) = x (2.22)

1%
in which it 1s assumed that the variance of each measure-
ment error is approximately factorable into Xqs a function
of the wavelength channel number, times Zi’ a function of
the spectrum number. The model given by Equation (2.22)
has (p + N) degrees of freedom, and although it 1is not
as general as the (pxN) model, it should hold as an
approximation for many experimental situations.

For example, in the application of Equation (2.22)
to the scanning wavelength stopped flow absorbance spec-
trometer described by Papadikis, Coolen and Dye (1975)
and Coolen, et al. (1975), the x, contribution occurs

i
because the measurement error varlances change with



a» (94
(& 4>
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wavelength. Figure 2.5 shows a typical plot of xi/z
versus wavelength from the low to high wavelength ends

of the photomultiplier tube response curve (250 nm to

600 nm). The points were determined by measuring absor-
bance at 0.0133 sec/scan, 50 wavelength channels/scan,
with distilled water in the sample and reference cells
and a 0.7 nominal absorbance quartz neutral density
filter in the sample optical path. Sixty successive
spectra were recorded, and the variances were estimated
from the scatter about the mean absorbance for each wave-
length channel with the equation

60

x; = (1/59) I (A, -A
i kep 1kl

)2 (2.23)
Nearly l1dentical data were obtained with four different
neutral density filters over the 0.0 to 1.0 absorbance
range.

The Z4 contribution in this 1nstrument 1s attributable
to a feature of 1ts data collection scheme, which 1is
described in detail by Coolen, et al. (1975). In order
to optimize the allocation of a finite number of computer
storage locations and to sample the full dynamic range of
a reaction with a fixed scanning rate setting of the
monochromator, this instrument averages a number of
consecutlve scans and stores the average as a single
spectrum. The number of measured scans averaged 1into

each stored spectrum is increased with time during the
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reaction, so that at early times, where fast changes occur
in the reaction, there is little or no averaging, while

at long times, when the changes are slow, the signal to
nolse 1s greatly improved by 1increased averaging with
little or no cost in curve distortion. In terms fully

defined by Coolen et al. (1975), the gz

eLr at j contribution for

this instrument 1s given by the equation zy = g(l'nJ),

where g 1s the grouping factor (modulus for increasing

the averaging), and nJ i1s the number of the consecutive
group in which stored Spectrum J occurs.

For an experiment that contalns random measurement
errors, as in Equation (2.19), é(r) given by Equation
(2.4) no longer exactly equals A when r = m, and (A(r)—
K) given by Equation (2.9) no longer exactly equals
(A-E) when r = s. However, as we mathematically demon-
strate in Appendix B, é(r) in Equation (2.4) 1s the
ordinary least squares estimate of the experimental sur-
face A constructed as a linear combination of the first
r elgenvectors of M, and (A(r)-g) in Equation (2.9) is
the ordinary least squares estimate of the experimental
surface (A-A) constructed as a linear combination of the
first r elgenvectors of S.

Given this least squares significance of Equations
(2.4) and (2.9), it has been suggested in previous appli-
cations of principal component analysis (Kankare 1970;
Lawton and Sylvestre 1971; Sylvestre, Lawton and Maggilo

1974) that, when the experiment contains random errors,
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we can determine m, the essential rank of M, as the
lowest value of r for which E(r) in Equation (2.4) fits
the experimental surface A to within its random errors.
Likewise, s, the essentlal rank of S would be the lowest
r for which (A(r)-g) in Equation (2.9) fits the experi-
mental surface (A-E) to within its random errors The
reasoning 1s that, since only the first m elgenvectors
of M are required to exactly reconstruct A for an errorless
experiment, the first m elgenvectors of M in an experiment
with random errors should primarily reflect the non-random,
Beer's Law contribution, F g?, in Equation (2.19). How-
ever, as the followlng simulated example shows, if var(eij)
changes significantly with 1 and j, the above procedure
using Equations (2.4) and (2.9) can faill because the first
few elgenvectors of M and S are dominated by the random
error term g, in Equation (2.19).

Consider an M analysis of a two absorber reaction
that follows Mechanlism II

ky=20 sec™! k,=10 sec”!
tAz -> D (I1)

where D 1s a non-absorbing product. Suppose that A1

and A, have the 20 wavelength channel static spectra

2
shown in Figure 2.6. Figure 2.7 shows the absolute ab-
sorbance surface that would be obtained 1n an errorless
experiment under the following conditilions: 20 wavelength

channels, 36 consecutive spectra, 10 msec/scan, and
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cl(O) = 0.001 M.

Now consider an experiment under these conditions that
also contains normal random nolse whose variance follows
Equation (2.22) with the x; factor shown in Figure 2.8.
Let the 36 spectra occur in 3 groups of 12 consecutive
spectra each, and let zJ be given by zJ
nJ 1s the number of the group in which scan J occurs.

The resulting nolsy absorbance surface 1s shown in Figure
2.9.

For thls example, rp = 2 and re = 2. Thus, according
to Table 2.2, an M analysis of thls noisy data should
glve an essentlial rank m = 2; that 1is, 5(2) in Equation
(2.4) should fit the data to within 1ts random noise.
Figure 2.10 shows the surface 3(2). Figure 2.11 1is a
two-dimensional plot of the noisy data points and the
estimated absorbances 3(2) versus time at wavelength chan-
nel 19. It 1s clear from Figure 2.11 that 5(2) does not
fit A to within the random noise. Thus, we would in-
correctly conclude from thls analysis of the nolsy data
that m > 2. In fact, the nolsy data at channel 19 are

not fit to within random error until m = 13.

E. Statistically Welghted Principal Component Analysis

We can avoid this incorrect result by using the vari-
ance model of Equation (2.22) to weight the absorbance

matrix before performing the principal component calculations.
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We define two nonsingular diagonal weighting matrices,

L, and T, as follows:

I
"

diag (Ll,Lz,...,Lp)

(2.24)

13
n

= diag (Tl’Tz"“’TN)’

with the values of Li and TJ yet to be chosen. We define

the welghted absorbance matrices as gw =LATand Eh =

L KT, replace M with M, = (1/N) AyA,” and S with S =
[1/(N-1)] (Aw—zw)(éw-_w)T, and perform principal component
analyses using M, and S,. Equations (2.4) and (2.9)

become, respectively,

A - T
Apy =L 7 2y &y LA (2.25)
+ -1 T —
(Bpy =E) = L7 By Bipy L (A - E) (2.26)

where in Equations (2.25) and (2.26) ¢ and B are the elgen-
vector matrices of gw and §w, respectively.

We shall assign values to L and T so that, given the
variance model of Equation (2.22), the elgenvectors of ﬂw
and §w are minimally perturbed by the random measurement
errors from the values they would have in an errorless
experiment. Conslder the expected value of My, denoted
E(Mw), which is the value ﬂw approaches asymptotically

as N, the number of spectra i1n the experiment, increases.
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Following procedures given by Anderson (1963) we have,

for the model described by Equations (2.19) and (2.22),

E(M) = (1/N) L E(A) T°E (A1) L
(2.27)
+ (1/Mtr (T%2) L2X
where
E(A) =FC

Z = diag (21’22""’ZN)
and

.}_(_ =

diag (x1x2,...,xp)

Equation (2.27) is derived in Appendix C. The first term
on the R.H.S. of Equation (2.27) is the contribution of
F C, and 1is E(ﬂw) for an errorless experiment. The con-
tribution from the measurement errors is isolated in the

second term,
(1/N)er(T%2) L2X

Our goal in choosing L and T 1s to have the eigenvectors
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of E(My) the same as the eigenvectors of (1/N) L E(A)
22 E(A?) L. We achieve this goal by choosing

1/2 x—1/2

L=a""X
(2.28)

13

where a and b are arbitrary constants. With this choice

Equation (2.27) becomes
E(M) = (ab/0) X 2 E(a) 272 BAT) X712 +ab 1. (2.29)

Since any vector 1is an elgenvector of I, the elgenvectors

of E(ﬂw) are the eigenvectors of the first term,

An analogous derivation shows that Equation (2.28) 1s also
the best assignment of L and T for welghted S analysis.
Figure 2.12 compares the estimated absorbances given
by Equation (2.25) to the noisy data at wavelength channel
19, where Equation (2.28) was used to define L and T with
a=b=1. The data are fit to within the random noise for
r = 2. By similarly observing that 3(1) with Equation
(2.25) does not fit the noisy data surface and that §(2)
does, we correctly conclude that the essential rank m

is two. Figure 2.13 is the surface estimated from the
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noisy data in Figure 2.9 with Equation (2.25). It is
clear that Figure 2.13 is a better reconstruction than
Figure 2.10 of the errorless absorbance surface in Figure
2.7. Thus, welghted principal component analysis gives
a lower variance estimate than unweighted analysis of the
chemical reaction's contribution to the absorbance data.
With weighted principal component analysis and the
variance model of Equation (2.22), we obtain convenilent
criterlia for interpreting the eigenvalues of ﬂw and §W’
and for determining when é(r) fits A to within experimental
error. Using Equation (2.28) to define L and T, and
choosing a=b=1, we have

-1/2

E(M,) = (1/N) X +1 (2.30)

The term
(/m) x"22 ga) 27t gaT) x1/2

has (p-m) zero eigenvalues. It follows that E(ﬂw) has
(p-m) degenerate eigenvalues equal to 1. Therefore the
mean of the last (p-m) eigenvalues of Mw should approach
1. Similar arguments show that the mean of the last (p-s)
elgenvalues of S, should approach 1. No such simple
relationship holds for the eigenvalues of M and S. Table
2.5 1lists the mean of the last (p-r) eigenvalues of MW
with r=0, 1,2, and 3 for the analysls of the noisy data
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Table 2.5
Mean of the Last (p-r) Eigenvalues of My for
the Nolsy Data

r [(1/(p-r)] 1=§+1 6y
0 29.992
1 6.601
2 1.012
3 0.919

in Figure 2.9. Note that the mean of the last (p-r) eigen-
values approaches 1.0 for r = 2, which confirms that the

2'

essentlal rank m
The most stralghtforward procedure for determining

when A(r) fits A to within experimental error is to examine

plots similar to Figure 2.12. When E(r) and A are close,

one can examine a plot of the residuals (E(r)'é)’ The

residuals should not be highly patterned when plotted versus

time or wavelength if the measurement errors are truly

uncorrelated and we have chosen the value of r equal to

the essential rank. Sylvestre, Lawton, and Maggio (1974)

have given an equation describing the sum of the squares

of the residuals for r = m and single varlance measurement
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errors. With statistically welghted principal component
analysils we can extend thelr equation to the nonuniform
variance error model of Equation (2.22). When r = m for
welghted M analysis, the function Qr/(N-r)(p-r) approaches
the value ab, where Qr is given by

P N
o, = T 1 [(0y8(0 DA, (2.31)

T o421 321

and é(r) is defined by Equation (2.25). This function
also approaches the value ab for welghted S analysis when
r = 8, and g(r) and Aw in Equation (2.28) are replaced
with B .y and (ﬂw-zw), respectively. Table 2.6 lists the
values of Q./(N-r)(p-r) for weighted M analysis of the
noisy data in Figure 2.9, where a=b=1. Since 4=2 is the
lowest value for r for which Qr/(N-r)(p-r) is close to 1.0,
we would infer that the essential rank m = 2.

In conclusion, we emphaslize that the weighting matrices
L and T are not fudge factors, especially when the variance
model of Equation (2.,22) holds as an approximation. The
improved results obtained with the welghts require addi-
tional measurements like those in Figure 2.5 to determine
the elements of L and T. Moreover, unwelghted principal
component analysis can be regarded as a speclal case of
welghted analysis where L and T are arbitrarily set equal
to identity matrices. Even when Equation (2.22) does not
accommodate the error varlances, a Judicious approximate

choice of L and T should be preferred to the arbitrary
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Table 2.6
Qr/(N-r)(p—r) for Weighted M Analysis

of the Nolsy Data

r Q./(N-r) (p-r)
1 6.790
2 1.071

3 1.003
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choice of 1dentity matrices. As with any statistical treat-
ment of experimental measurements contalning random errors,
the reliablility of the results increases with sample size,
i.e., the number of wavelength channels and the number of
consecutive spectra.

The rules given in Tables 2.2 and 2.3 for the essential
ranks of Mw and Sy are not restricted to absorbance kinetic
experiments, and are applicable to any scanning wavelength
kinetics experiment where the response 1s a linear function
of the concentrations. The welghting scheme 1s not re-
stricted to kinetics experiments. It 1s applicable to
any principal component analysis where the measurement
error variance can be approximated by Equation (2.22)
where Xy and zJ are each a function of one of the two
independent measurement variables (the analogs of wave-
length and time 1n the scanning wavelength kinetics appli-

cation).



CHAPTER 3

ESTIMATION OF STATIC SPECTRA AND
CONCENTRATION PROFILES VIA WEIGHTED PRINCIPAL
COMPONENT ANALYSIS

Rapid scanning spectroscopy 1s a powerful experimental
tool for characterizing the progress of reactions that have
more than one light absorbing specles. In rapid scanning
wavelength absorbance kinetics experiment, absorbance is
measured at p wavelength channels across a spectral reglon
that 1s rapidly and repeatedly scanned as the reaction
progresses. If the scanning rate 1s fast compared to the
fastest absorbance change in the reaction, the resulting
N consecutive spectra may be regarded as instantaneous
and the absorbance-wavelength-time surface may be repre-
sented by the (pxN) matrix A, where AiJ is the absorbance
measured at wavelength channel i1 at the time of scan J.
Since multicomponent reactions in general produce unstable
intermediates as well as unanticipated products, the number
of absorbers in a rapid scanning experiment 1s generally
unknown before the experiment 1is analyzed. Moreover, the
spectra of these intermedlates and products are generally
unknown .,

The preceding chapter dealt with the use of statis-
tically weighted principal component analysis to determine

the number of absorbers in a rapid scanning kinetics

53
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experiment. The two kinds of principal component analysis,
M analysis and S analysis, yleld, respectively, the mini-
mum number m of absorbers required to interpret the experi-
ment and the minimum number s of absorbers whose concen-
trations must have changed during the experiment. 1In
this chapter, we develop further tools and propose a
strategy for inferring from a rapid scanning experiment
the spectral and kinetic propertles of 1ts absorbers.

The first step in the strategy 1s the determination
of m and s for the whole experiment. If the measured
static spectra of known reactants, products, and catalysts
fit and account for the m required absorbers, then we have
resolved the experiment. If, however, we are still left
with intermediates and products whose static spectra and
concentrations are unknown, we examine subspaces of wave-
length and time to find parts of the experiment where the
number q of absorbers 1s small. When q 1s small, the
analysis 1s considerably simplified, and further informa-
tion about static spectra and concentrations is obtained
for each subspace. The final step 1s to reassemble the
information from the subspaces in order to estimate the
static spectra and the concentrations for the whole experi-
ment.

As before, we assume that A satisfles the model given by

A=F cT+e=¢ % f,.el) + €, (3.1)

—_ - ...J_

J=1
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where q 1s the number of absorbers, F g? is the errorless
contribution of Beer's Law, and ¢ is the matrix of uncor-
related random measurement errors. The static spectrum
matrix F 1s defined by F = (21’22"‘°’£q)’ where f,, the
static spectrum of absorber jJ, 1s a p component column
vector whose 1'th element 1is the product of the absorbance
cell path length and the molar absorptivity of absorber J
at wavelength channel i. The concentration matrix C

1s defined by C = (31’32""’9q) where Cys the concentra-
tion vector of absorber J, is an N component column vector
whose 1'th element 1is the molarity of absorber j during

spectrum 1. The 1,j'th element of ¢ 1s assumed to have

expected value zero and variance satisfylng the model
var(e,,) = 02, = X,z (3.2)
13 13 13- )

From the eigenvectors and eigenvalues of the M analysis,
we develop criterla for estimating F and C to withln ar-

2

bitrary multiplicative constants. We find that q“ elements

of F and/or C suffice for estimating the (N+p)q elements

of F and C. This 1s a great reduction in the arbitrariness
of these matrices since (N+P)q is generally much larger
than q2. Moreover, we find a least squares criterion for
deciding, independently of any assumptions about other
absorbers or kinetic mechanisms, whether a single suspected
absorber's static spectrum or concentration vector fits

the experimental data. Each suspected static spectrum
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or concentration vector that fits provides q of the q2
numbers requlred to estimate F and C.

The problem of estimating F and C takes simpler forms
when q 1s small. We present the simplifications for an
experiment or any part of an experiment that contains only
one, two, or three absorbers. For experiments contalning
only two absorbers, we present equations that require no
additional information to define the upper and lower bounds
of the static spectra and concentration vectors. These
equations are extenslons of those presented by Lawton and
Sylvestre (1971) for the individual spectra in two absorber
equlilibrium systems, and are similar to those presented
by Warner, et al. (1977) for emission and excitation
spectra in two component fluorescence data.

From the eigenvectors and elgenvalues of the S analysis,
we develop a least squares criterion for determining if
a suspected absorber whose static spectrum fits the data
has a rate in the reaction that is linearly independent
of the rates of the other (g-1l) absorbers.

Finally, these new tools are utilized in a seven-step
strategy proposed for resolving rapid-scanning kinetics
experiments by principal component analysis. In the
following chapter, the strategy 1s applied to a reaction
catalyzed by the enzyme horse liver alcohol dehydrogenase.
The analysis shows that there are at least seven absorbers,

of which four are transient intermediates.
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A. M Analysis Estimates of F and C

In M analysls we form the weighted second moment matrix

Mys defined by

- T =
My o= (L/N) AyAy , Ay =LAT

al/2 diag (x11/2, x'2'1/2,...,x—1/2

I
"

/2 -1/2 —1/2)

= pl/2 diag (le N PN (3.3)

=
I

where a and b are arbitrary positive constants. The elgen-

value equation to be solved 1s
Myo =2 A

2 = (Q_l,£2,...,£p)

A = dlag (8,,6,5,...,8), 8§, > 68, > ... >3 (3.4)

The essential rank m is the minimum number of absorbers
required to interpret the experiment and is determined by

finding the lowest value of r for which E(r)’ defined by

g'(I‘) = (-I-'-lg(r)g%‘r).ﬁ) A, ,‘_’;(r) = (ﬂlsﬂ’_zs---ﬂr), (3.5)
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fits the experimental matrix A to within its random errors.

An identical but more useful equation for E(r) is

a R | T -1
é(r) =L i(r)g(r)! (r)'-r- ’

1/2

Q(r) = diag (wl,mz,...,wr), wj = +N6J

-1 ,T
Yopy = (Rysdpseeesty) = QAR (3.6)

It can be shown (Appendix A) that the r columns of x(r)
contain the first r eigenvectors of M&, defined by ﬂ* =
(1/p) Agh,.

The essentlal rank m 1s not only the minimum number of
absorbers, but is also the maximum number of absorbers
whose spectral and kinetic properties can be determined
by analyzing a particular experiment. In some experiments
there may be extra absorbers that cannot be distinguished
because their concentrations or their static spectra are
linearly coupled. Additional experiments, in which condi-
tions are varied, are required to detect and characterize
such additional absorbers. We assume, for a particular
experiment, that m 1s the total number of absorbers,

i.e., that q equals m.

The model for M analysls estimates of F and C 1s

m
T - le £J§'§. (3.7)

~

ﬁ(m)

ja»
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where é(m) is given by Equation (3.6), and E @T is an

estimate of F g? in Equation (3.1). We use Equation (3.7)
to estimate for each absorber the shape of its static
spectrum, the shape of its concentration profile, and

its contribution to the measured absorbance-wavelength-

time surface. E 1s defined by F = (il,iz,...,im), where ij

A

is an estimate of ajgj, with @y an arbltrary constant. C

A A

is defined by Q . (§1’92”"’9m)’ where §d is an estimate
of (l/aj)gd. The vector product idég is then an esti-
mate of f

J

measured absorbance surface.

gg, the contribution of the J'th absorber to the
Whereas F and C are errorless, E and Q are not, in

general, errorless. To see this, define the residual

absorbance matrix for m absorbers as E(m) = A - g(

The terms F CT and # T are then related by £ CT =

cT +

m)°
F
(e - B(m))' In an errorless experlment, where g 1s zero,
the term (g - B(m)) is also zero, and i é? equals F g?.

In an experiment with errors, where g¢ is nonzero, (g - E(m))
is in general also nonzero, and i é? does not equal F QT.
However, it can be shown (AppendixC ) that (g - B(m))
vanishes in a properly weighted M analysis as either N,

the number of consecutive spectra, or p, the number of
wavelength channels, becomes very large. Therefore, we

take E cT to be an error-containing estimate of F Q?.

Equations (3.6) and (3.7) together give

AT - -1 T -1
=L mem¥mI (3.8)

1>



60

>

Solved for Equation (3.8) gives

S -1
F = (L', (3.9)

where U 1s an (mxm) matrix defined by

A A

- =10 Ty-1
U n(m) ( ) c(c ¢cH) (3.10)

Q>
“

Solved for Equation (3.10) gives

N -1
9_ - (_T_ !(m)) K, (3-11)
where V 1s an (mxm) matrix defined by
-15 =Ty-1
V=22 ( L F(F 1) (3.12)

Note that Equations (3.9) and (3.11) assume, respectively,
the existence of the inverses (C CT) and (F FT) . These
inverses are guaranteed since m is the essential rank of
M- Resubstitution of Equations (3.9) and (3.11) into

Equation (3.8) gives the following condition on U and V
T
U = .
LU T (3.13)

Equations (3.9) through (3.13) considerably reduce the

arbitrariness of ¥ and @. is a rotation of Lflg(m) by

F
¢

the rotation matrix U, and C 1s a rotation of T™'¥, . by
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the rotation matrix V. If the m?

elements of either U
or V are known, the unknown rotation matrix 1s given by
Equation (3.13), and ﬁ and é can be computed directly from
Equations (3.9) and (3.11), respectively.

Thus, the strategy for obtalning i and é 1s to esti-
mate enough elements of U and V separately so that all of

U and V are given by Equation (3.13). To this end, we

partition U and V,

[
1

(21:2,23 oo ’Em)

1<

(Xl’-Y-Q”"’!m) (3.14)

where each uy and each Y5 is an m component column vector.

Then Equations (3.9) and (3.11]) become

I~ >
[

~~
e

g(m)) P_Js J=12,...m
&, = (M) vy, 3 =1,2,...m, (3.15)

which show that the jJ'th columns of U and V depend only on
the J'th static spectrum and concentration vector, respec-
tively.

For a given reaction there 1is usually a set of suspected
absorbers. For example, in an enzyme-catalyzed reaction
the suspected absorbers are any light absorbing substrates,

inhibitors, and enzymes that were mlixed to initilate the
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reaction. Equations (3.15) are models against which spectral
and kinetic information about suspected absorbers can be
tested. If a suspected absorber 1is one of the m linearly
independent absorbers in the experiment, 1ts static spectrum
and concentration vector must satisfy Equations (3.15).

We now present least squares equations, based on Equa-
tions (3.15) for determining whether a suspected absorber
fits as one of the m linearly independent absorbers in the
experiment. Suppose there are proposed values for k wave-
length channels of ij’ with m < k < p. These proposed
values may come from the measured static spectrum of a
suspected absorber. Define the proposed static spectrum as
the p component column vector f

=Jprop
for which there are proposed values contain those values,

, Wwhere the k channels

and where the remaining (p-k) wavelength channels contain

zeroes. The least squares loss function for using iﬂprop

to estimate Ej in the first of Equations (3.15) is given
by

A

(f

= -1 T A -1
s = (Eyprop - L g(m)gj) Welfyprop = & "(m)yy)s

ﬂf = diag (Wfl,Wf ,ooo,Wfp), (3.16)

2
where wfi is unity if there 1s a proposed value for channel

i and 1s zero otherwise. The least squares estimate of

2y

1s the value for which Q;q 1s minimized with respect to Uy

and 1s given by
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1

A -1 : - a
Yrs = B @ml "We fyonop

To-2y
Po= o(mL "Wed iy (3.17)

Then the M analysis estimate of 25 on the assumption that
the suspected absorber fits as one of the m absorbers in

the experiment, is given by
£ = (" te, \)u (3.18)
=JLSM = =(m)’=jLS *

Note that whereas zdprop

only k wavelength channels, idLSM contains estimated values

contains proposed values for

for all p channels. If gﬂLSM fits idprop to within random
error at the k wavelength channels for which both contain

values, then fj satisfies the first of Equations (3.15),

prop
and we conclude that the suspected absorber fits as one of
the m linearly independent absorbers in the experiment.
Moreover, ﬁjLS is then taken to be an estimate of the

' A A
J'th column of U. If zﬂLSM and gdprop do not fit each other

to within random error, then zﬂ does not satisfy the

prop
first of Equations (3.15) and we conclude that the suspected
absorber does not fit as one of the m linearly independent
absorbers.

The second of Equations (3.15) gives a similar least
squares equation for using proposed values for k elements

of gﬂ to determine whether a suspected absorber fits as

one of the m linearly independent absorbers in the
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experiment. Deflne the proposed concentration vector as
gdprop, where the k times for which there are proposed
values contain those values, and where the remaining (N-k)

times contain zeroes. The least squares estimate of ¥

J
in the second of Equations (3.15) is given by
A 1 -1 A
Yyis = Be EmI "elyprop?
Pe = ¥mI ¥ol(m)s
)> (3.19)

W, = diag (wclwcz,...,w

Where wci 1s unity 1f there 1s a proposed value for time 1
and 1s zero otherwise. The M analysis estimate of gﬂ
on the assumption that the suspected absorber fits as one
of the m linearly independent absorbers in the experiment

is given by

éJLSM = (1-1'-*'-(m)) i;-JLS (3.20)

A

If CyLSM fits Syprop

values, we conclude that the suspected absorber fits as

at the k times for which both contailn

one of the m linearly independent absorbers, and we take
YyLS to be the J'th column of Y.

Two notes of caution are necessary regarding the cor-
rect interpretation of these least squares criteria.

First, the fit of a suspected absorber as one of the m



' o

Yy

‘D



65

linearly independent absorbers shows that the experiment

can be interpreted using the suspected absorber as one of

the absorbers, but does not prove that the suspected absorber
is an absorber in the experiment. Secondly, if a suspected
absorber does not fit as one of the m linearly independent
absorbers, it may still be an absorber in the experiment
if there are actually more than m absorbers and if the
static spectrum or concentration vector of the suspected
absorber 1s linearly dependent on the statlc spectra or
concentration vectors of other absorbers.

Example 1. As an example of the effect of linear
dependence, consider a two absorber reaction that follows
the simple kinetic mechanism

ky .
Ay + A2.__la—non absorbing products (1)

where the initial concentrations of Al and A2 in the experi-

ment are equal
¢1(0) = ¢y (0)
Mechanism (I) imposes the constraint

é’l = _6_2.9

where gj = d/dt (QJ)’ and Equations (3.A) and (3.B) to-

gether give the constraint
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so that < and ¢, are linearly dependent. Although there
are two absorbers, m is unity. Even if the statlic spectra
gl and £2 are linearly 1ndependent, they do not individually
satisfy the first of Equations (3.15), and by testing them
as proposed statlc spectra we would correctly conclude

that Al and A2 are not linearly independent absorbers in

the reaction. The information in the experiment lumps A1
and A2 together as one absorber. This can be seen by noting
that the Beer's Law contribution to this experiment may

be written as

= (£4£,) ¢) (3.D)

from which 1t can be shown that the combination iﬂprop =
(£1+£2) would fit as the proposed static spectrum for an
absorber.

The problem of estimating F and C simplifiles when the
number of absorbers 1s small. In the next three sections
we review the simplifications for one, two, and three
absorber experiments. These simplifications apply also to
any subspace of wavelength and time that contains only

one, two or three absorbers, even though the overall experi-

ment contains more than three absorbers.
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B. One Absorber Simplifications

The estimation of F and C in a one absorber experiment
is trivial. The matrices U and V reduce to scalars.

Equations (3.15) and (3.13) become
£ o= (L’lg Ju e, = (T'lﬂ v U, Vo = W (3.21)
=1 = 17711 =1 = 17711° "11'11 1° '

Since il is an estimate of gl to within an arbltrary multi-
plicative constant a,, We may take il to be any multiple

of gflgl. Arbitrarily setting u;; equal to one, we obtain
from Equations (3.21)

A

2= 1%, & = (e Ty, (3.22)

To determine ay so that the molar absorptivities and con-
centrations of absorber one are known requires eilther the
nonzero molarity of absorber one at any time during the
experiment, or the product of the nonzero molar absorptivity
of absorber one at any wavelength channel times the ab-

sorbance cell path length.

C. Two Absorber Simplifications

The simplifications for two absorber experiments give
the following three results:

1. When the shape of one absorber's static spectrum
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is known, the shape of the other absorber's concen-

tration profile can be computed directly.

2. When the shape of one absorber's concentration
profile 1s known, the shape of the other absorber's

static spectrum can be computed directly.

3. Even when there 1s no outside information about the
static spectra and concentration profiles, their upper
and lower bounds can be computed directly from the M

analysis elgenvectors and eigenvalues.

In a two absorber experiment U and V are the (2x2)

matrices

u u
U (“1'u2) = ( 11 12)
sy Uso
v Va
vs= (zlsxg) = ( 11 12) (3.23)
Voi Voo

The following relationships between the vectors in U and

V can be derived from Equation (3.13)
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vy = [1/7det (D125 K u,, ¥,

<
i

-[1/det (Q) ]Q(2) _}S u

=
1

Y = [1/3et (V)12 (1K vy, up

0 1
5_=( )
-1 0 (3.2“)

We assume that absorbers one and two are assigned so that

-[1/det (V)@ ,y K ¥

det(U) and det(V) are positive. (Switching absorbers
merely changes the signs of these determinants.) If the

static spectrum of absorber two 1s known, u, can be esti-

2
mated via Equation (3.17). Then, the first of Equations
(3.24) gives v; to within the arbitrary multiplicative
constant [1/det(U)]. This 1is sufficlent to estimate ¢

since § itself 1s defined with the arbitrary multiplica-

1
tive constant (1/a1). Arbitrarily setting [1/det(U)] = 1,
we have, from Equations (3.15) and (3.24),

3, = (T7Y¢,,\)8/5\K u (3.25)

=1 = =(2)’=(2)= =2° :
Hence, we obtaln ¢, from P,. Likewise the next three of
Equations (3.24) yield, respectively, §2 from @1, il from
§2, and 22 from §1. Note from Equations (3.24) that in a
two absorber experiment the shapes of a single absorber's
concentration profile and static spectrum can be varied

independently of one another and therefore, contain no

information about each other.
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Physically sensible static spectra and concentration
vectors must contain only nonnegative numbers. By a
derivation similar to the one presented by Lawton and
Sylvestre (1971), we can use the nonnegative definiteness
of the elements of gl, 22, él and §2 to define solution
bands that contain the shapes of these vectors. Since we
are interested in only the shapes of the static spectra
and concentration profiles, we normalize these vectors to
unit length. Hence, define ii, ié, éi, and §é whose elements
satisfy the following normalization equations and inequali-

ties

02'12 =1, ci2 >0, 1 =1,2,...,N (3.26)

The results are displayed in Tables 3.1 and 3.2. Note that

A

EiL and iiH delineate regions of acceptability of i'. In

general, fiL and iiH cross over 1.e., iiL is not always

rd)
less than f;.

Examples may be found in Chapter 4,

o ot
- The same situation obtalns for cj, and ci..

These solution bands are particularly useful since
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Table 3.1. Solution Bands for Normalized Statlc Spectra.

' P 2
il must fall on or between f;;, and fj,.

A ' = -1 A _ _1
f1n = (&7 &oylufy, £y = (L7 85yujy
£roo= (™t e, 0w £r o= (L7 0, )ul
£or, = (L7 25y uprs Doy = (L7 20py)uly
_ 1 -1 wl
ujp = (a;-azag) s Wiy = (ajuytajayw,)
wy 1
1 "1 N + “'1
uyp, = (ajuy*asagw,) » Uy = (a)%ayag)
D
- -1 - g -1
ap = I Ly 51, 2 I
1=1

83 = mir>1 (¢11/¢12), a'-' = min(w‘jz/‘pjl)
¢42>0

ag = maX(¢J2/WJ1), ag = min

/
41 5<0 11712
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Table 3.2. Solution Bands for Normalized Concentration
Vectors.

0>
o -

' at
must fall on or between & [ and [PTR

g &4

g1 = (1t oy, )v! gro= (r oy, v

eir, = (7 ¥oy)4ps & = (L7 Ypy)¥y

8! = (T'1 ¥ Yv! el = (T"1 ¥ vl

S, = (T 7 ¥oy))¥pps  Sop = (I7 ¥(5y)¥3y

-1 1 -1 1
Yip = (P10pP3) 7| ) s i = (Ppeptdobyey) |
“v3 442

w

1
1
Vo < (bl‘*’l"bzbs‘*’z)“l ( ) > Yiy = “’1“’2"6)_1 )

by = min (Vy9/¥5,), Dby = min (¢,,/¢4,)
2

b = max(04/¢41)s g = min |w31/¢32|
32
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they define the range of acceptable static spectra and
concentration vectors without requiring any assumptions
about the identities of the absorbers or the kinetic mechan-
ism of the reaction. In general, as the static spectra and
concentration profiles become less linearly dependent (less
overlapping), their solution bands become narrower, and

the experiment thus more clearly defines thelr shapes.

D. Three Absorber Simplifications

Simplifications for three absorber experiments give

the following results:

1. When the shapes of two absorbers' static spectra
are known, the shape of the remaining absorber's concentra-

tion profile can be computed directly.

2. When the shapes of two absorbers' concentration
profiles are known, the shape of the remaining absorber's

static spectrum can be computed directly.

Assume that absorbers one through three are assigned so
that det(U) and det(V) are positive. Equation (3.13)
gives the following relationships between the vectors 1in

U and V.
'!(! = [l/det(y)] 9_(3) (28 X E’Y)

u, = [17det (V)] @3y (vg x X'y) (3.27)
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where the subscripts (a,B,y) are taken in the order
(1,2,3), (2,3,1), or (3,1,2).

If the static spectra of absorbers two and three are known,
the first of Equations (3.27) gives v, to within the
arbitrary constant [1/det(U)]. As in the two absorber
case, we may arbitrarily set [1/det(V)] = 1, so that from

Equations 3.15) and (3.27) §1 is given by
§1 = (2712(3))2(3) (u, x 33) (3.28)

Thus, the first of Equations (3.27) gives the concentration
profile of any absorber from the static spectra of the other
two absorbers. Likewise, the second of Equations (3.27)
gives the static spectrum of any absorber from the concen-
tration profiles of the other two absorbers. As 1n the two
absorber case, the shapes of a single absorber's static
spectrum and concentration profile can be varied inde-
pendently of one another, and hence contain no information

about each other.

E. S. Analysis Estimates of F

Suppose that the proposed static spectrum iﬂprop for

a suspected absorber fits as belonging to one of the m

absorbers in the experiment. In this sectlion we present
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a least squares equation that uses the S analysis elgen-

vectors and £ to characterize the rate behavior of

=Jprop
absorber J in the experiment.
In welghted S analysls we are concerned with the experi-
N
mentally measured matrix (A-A), where A,, = (1/N) ] A
- - 1] k=1 ik?

and for which we assume the.model

q
- T - T -
(A-A) = F H + (e-e) = ( f.hy) + (e-g)
a=a 24 E-g le 2324 E-E
Ez (-}‘-1-1’22’...’2‘(1)
N
hy = ¢y - 1(1/N) k£1 ey (ty)
_ N
€4y = (1/N) k£1 €43

We form the welghted sample covariance matrix §w, defined

by
= £\T
Sy = [1/(N-1)] (A-E,) (Ay-R,) (3.30)

where

I3l
+
(Hwl
|
13
-

and we solve the eigenvalue equation
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SyB=BA

A= diag(xl,k2,...,xp), Alzlzz,...,zlp (3.31)
The essential rank s is the minimum number of absorbers
whose concentrations must have changed during the experi-
ment. It 1s determined by finding the lowest value of r

for which (g(r)-g>, defined by
(A y-B) = (1B, yBepy L) (A-K) (3.32)
=(r) = = =(r)=(r) = ‘== ’

fits the experimental matrix (A-A) to within its random
errors. By the same reasoning that was applied to M analysis,
we take from Equation (3.32) the following model for esti-

mating F and H

BiayD = 28 = T 187 = el 4D (.39
Now s cannot exceed m; i.e., there cannot be more
absorbers changing concentration than there are absorbers
in the experiment. If we assume, as before, that m 1is
the number of absorbers in the experiment, there are only
two cases to consider:
Case 1. If s equals m, the concentrations of all m
absorbers have changed during the experiment. Moreover,
the rate vectors (éd’ J=1,2,...,m) form a linearly in-

dependent set.
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Case 2. If s 1s less than m, then at least (m-s)
absorbers have either not changed concentration during
the experiment or have rate vectors that are linearly
dependent on the rate vectors of other absorbers in the
experiment.

If absorber J has a nonzero, linearly independent rate

vector éj’ then ij must satisfy the equation

£, = (L7'Bgy)Eys (3.34)
where gj 1s an s component column vector. If absorber J
has a zero or linearly dependent rate vector, then ij
does not in general satisfy Equation (3.34).
Moreover, we can use the proposed static spectrum to
determine whether or not absorber J satisfies Equation
(3.34). Given f the least squares estimate of £y

=Jprop’
18 é-JLS’ defined by

-1 -1 A

Ejrs = B B(s) L ¥ fyprops
T -2
Es = Bis): HB(s)»
ES = diag(w31’ws2’.'.’wSN)’ (3035)

where wsi is unity if there 1s a proposed value for channel

i and 1s zero otherwise. The S analysis estimate of i is

J
given by
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f—jLSS = (L-lﬁ(s))é.JLs (3.36)

If absorber j has a nonzero, linearly independent rate

vector, then EJLSS and gdprop must be equal to within random

error. Otherwise, they do not in general fit each other.

If ¢
3

absorbers in the reaction, then an appropriate linear

is linearly dependent on the rate vectors of other

combination of gd and the static spectra of these other
absorbers satisfies Equation (3.34). We give two simple
examples to i1llustrate S-analysis testing of linear inde-

pendence.

Example 2. Consider a two absorber system where ab-

sorber one decays to non-absorbing products via the mechanism

kq

A, + non-absorbing products (II)

1

and where absorber two does not change concentration during
the experiment. If il and 22 are linearly lndependent,
then m=q=2. The constraint ¢, = 0 implies that h, = 0.
Therefore, H is of rank one, and s=1. With h, = 0, Equa-

tion (3.33) for this system becomes
N —— _ A AT _ _1 T _
(A1y-B) = Dby = (L77B(1yBy L) (A-K),

which gives
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A -1
£, = (L ?..(1)) &,

T - T,-1
gy = 2(1)}’_(&-.@.) El(.l'll.b.l) .

Thus, il satisfies Equation (3.34), as expected, and ab-
sorber one fits as having linearly independent rates.
(A(l)-g) contains no information about absorber two. Thus,
£2’ as expected, does not satisfy Equation (3.34), and
absorber two does not fit as having linearly independent
rates.

Example 3. Consider a two absorber system that reacts

via the mechanism
A. + A (IT1I)

where gl and 22 are linearly independent. For this case,

m=q=2. Mechanism (III) has the constraint

9.1+92=0

which implies the constraint

H is thus of rank one, and s = 1. Equation (3.33) for this

system 1s
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A - A AT A AT

A AT
AT-2. AT + £

_-lp o
2By = (L "B(1)B(yHyL),

which cannot be solved for E since ﬁ is of rank one and

the inverse (H ﬁ?)'l does not exist. Therefore, f. and £

1
do not satisfy Equation (3.34) and absorbers one and two

2

do not fit as having linearly independent rates.

S analysis lumps absorbers one and two together. To

see this, note that with h, + h, = 0, F H'

1 can be expressed

as

T

FH = (21'22)}_)1

(21-22) satisfies Equation (3.34) and, therefore, the
combination f

Jprop
with linearly independent rates.

= (f£;-f,) would fit as an "absorber"

F. Strategy for Resolving a Rapid Scanning Kinetics
Experiment

In this section we present a seven step strategy for
applying the tools discussed in Chapter 2 and the preceding
sections of this Chapter to resolve a rapid scanning
kinetics experiment into the static spectra and concentra-
tion vectors of its absorbers. We assume that the kinetic
mechanism of the reaction 1is not already known. Indeed,
the proposal and testing of kinetic mechanisms and esti-

mation of thelr rate constants are advanced goals of a
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rapid scanning kinetics study, and should not be undertaken
untll the static spectra and concentration vectors have
first been extracted from each experiment.

Most of the external information with which the experi-
ment is to be resolved comes from measured or proposed
static spectra of suspected absorbers. Little 1s assumed
to be known already about the conceritration vectors, except
perhaps the initial concentrations of reactants and catalysts,
a degree of knowledge usually too small to be of much value
i1n resolving the experiment.

Step 1. Use weighted M and S analyses to determine the
essentlal ranks m and s for the whole experiment. There
must be at least m absorbers in the experiment, and of
these, at least s must change concentration.

Step 2. Assume that there are m absorbers in the ex-
periment. Fit to the M analysis eigenvectors for the whole
experiment the measured static spectrum of each light
absorbing reactant, catalyst, and known product. Each
spectrum that fits may be counted as belonging to an ab-
sorber in the experiment. Each spectrum that does not fit
is either not present in the experiment, or represents an
absorber whose concentration is linearly dependent on the
other absorbers' concentrations. 1In the latter case, the
experiment has more than m absorbers. Unless there are
strong reasons to suspect linear dependence among the
concentrations or static spectra, malntain the assumption

that m 1s the number of absorbers in the experiment.
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Step 3. Fit each measured static spectrum that fits
in Step 2 to the S analysis eigenvectors. Each spectrum
that fits the S analysis eigenvectors may be counted as
belonging to an absorber whose concentration changed and
whose rate 1s linearly independent of the rates of the other
absorbers. Each spectrum that does not fit represents an
absorber whose concentration did not change, or whose rate
1s linearly dependent on the rates of the other absorbers.

Step 4. If the number of measured static spectra that
fit the M analysis elgenvectors equals m, then all m col-
umns of U have been estimated. Form U and obtain V from
Equation (3.13). Use V to obtain the concentration vectors
of the m absorbers. The experiment has been resolved,

If the number of measured static spectra that fit the
M analysis eigenvectors 1s less than m, there 1s insuf-
ficient information to resolve the experiment at this
point. Some of the m absorbers must be iIntermediates or
unknown products of the reaction. Although there are no
measured statlc spectra for these, we may infer some of
thelr spectral and kinetic properties in Step 5.

Step 5. Perform principal component analyses on sub-
spaces of wavelength and time in hopes of finding parts
of the experiment with fewer absorbers than the whole
experiment.

Step 6. Partially or completely resolve subspaces
that contain one, two, or three absorbers by using the

one, two and three absorber simplifications plus information
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from absorbers whose measured static spectra fit the M
analysis elgenvectors for these subspaces.

Step 7. Each concentration vector obtained from a sub-
space of wavelengths in Step 6 can be fit to the M analysis
elgenvectors for the whole experiment to give one column
of V for the whole experiment. Lilkewise, each static
spectrum obtalned from a subspace of time gives one column
of U for the whole experiment. If enough information has
been obtained in Step 6 to give either the static spectra
or concentration vectors of the required minimum number of
absorbers m for the whole experiment, fit this new informa-
tion to the M analysis eigenvectors for the whole experi-
ment to obtain either all the columns of U or V. The re-
maining unknown rotation matrix may be obtained from Equa-
tion (3.13). Use U and V to obtain F and C. The experi-
ment has been resolved.

The following Chapter applies this seven step strategy
in a rapid scanning kinetics study of an enzyme-catalyzed

reaction.



CHAPTER U4

A RAPID SCANNING STOPPED FLOW STUDY OF

THE LADH-CATALYZED REDUCTION OF NDMA BY NADH

A. Introduction

In this chapter we apply the method of principal
component analysis described in the two preceding chapters
to a scanning stopped flow study of the horse liver alcohol
dehydrogenase (LADH) catalyzed reduction of the substrate
analog p-nitroso-N,N-dimethylaniline (NDMA) by reduced
nicotinamide adenine dinucleotide (NADH). Previous studies
of this reaction by Dunn and Bernhard (1971), Schack and
Dunn (1972), and Suelter, et al. (1975) have indicated
that the reaction 1s spectrally complex. It 1s thus
particularly sultable for a scanning kinetics study.

The purpose of thé.research reported here was to map out
for the first time the static spectra and concentration
profiles of the light absorblng substrates, products, and
transient intermediates that occur in this reaction.

LADH is an extensively studied enzyme that catalyzes
the metabolism of ingested ethanol to acetaldehyde via

the overall reaction (Branden, et al., 1975)

Ethanol + NAD' 2 Acetaldehyde + NADH + H' (1)

84
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where NADY 1s oxidized nicotinamide adenine dinucleotide.
NADH and NAD+ belong to a special class of substrates
and products called coenzymes. They are the oxidizing
and reducing agents in reactions catalyzed by many de-
hydrogenase enzymes besides LADH. The reactions and
properties of NADH and NAD+ have been reviewed by Kaplan
(1960).

The review articles by Sund and Theorell (1960),
Branden, et al., (1975), and Dalziel (1975) discuss the
structural and kinetic aspects of LADH. LADH is a dimer
with two catalytic sites per molecule and a molecular
weight of 84000 (Sund and Theorell, 1960). Pietrusko,
et al. (1966) showed that there are two types of protein
chains for LADH, which they called the E and S subunits.
These give three possible dimeric forms (called isozymes)
of LADH: EE, SS, and ES. The E subunit occurs more fre-
quently and 1is active in the oxidation of ethanol (i.e.,
Reaction I). The less frequently occurring subunit S,
is active in the oxidation of stercids (Pietrusko and
Theorell, 1969). However, S has some ethanol activity
and E has some steroid activity (Branden, et al., 1975).
Theorell et al., (1970) studied the binding of NADH to
EE, SS, and ES, and found no evidence for interaction
between the subunits. Pietrusko et al. (1966) determined
that commercially avalilable preparations of LADH contain
predominantly the EE isozyme with 2-5% ES isozyme. Shore

(private communication) claims that the LADH preparation
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available from the Boehringer Mannheim Corporation (the
preparation used in our study) 1is of sufficiently high
EE purity for use in kinetic studies without risk of
measurable interference from the ES 1sozyme.

Since the concentration of H' 1s usually buffered to
be nearly constant in kinetic studies, Reaction I is
viewed as a two-substrate, two-product reaction. Cleland
and colleagues have developed a method of steady-state-
initial-rate analysis for two substrate enzyme reactions
[Cleland (1970)] that has been extensively applied to LADH
catalyzed reactions of aliphatic alcohols and aldehydes
in reactions analogous to I, [Wratten and Cleland (1963),
Dalziel and Dickinson (1965)]. These studies, reviewed
by Dalziel (1975), are consistent with the conclusion
that 1n the most likely mechanism for Reaction I, NaD*
binds to the active side of LADH before the alcohol binds,
and that the aldehyde dissociates from the active site
before NADH dissocliates. This concept 1s called the
"ordered mechanism" of LADH [Cleland (1970)] since the
substrates and products enter and leave in a fixed order.

In steady-state-initial-rate kinetics studies, the
total enzyme concentration is much smaller than the initial
substrate concentrations, so that enzyme-bound transient
intermediates of substrates and products are in general
not spectrophotometrically detectable. In these experiments
one observes only the overall conversion of enzyme-free

substrates to enzyme-free products. However, in



87

experiments where the total enzyme concentration is of
magnitude comparable to the initial substrate concentra-
tions, the enzyme bound intermediates are spectrophoto-
metrically detectable, providing their spectra are dif-
ferent from those of the free enzyme, substrates, and
products. Moreover, a significant portion of the time
course 1n a high enzyme concentration experiment involves
the binding of substrates to the enzyme to form these
transient intermediates. Studies with high enzyme con-
centrations are called "transient phase studies" [Dalziel
(1975)], and in general require fast reaction techniques
(e.g., stopped flow). The application of fast reaction
techniques to transient phase enzyme studles 1is reviewed
by Hammes and Schimmel (1970).

LADH catalyzed reactions have been extensively studied
by the stopped flow technique under conditions of high
enzyme concentrations by Shore (1969), Shore and Gutfreund
(1970), Bernhard, et al. (1970), Dunn and Bernhard (1971),
Brooks, Shore, and Gutfreund (1972), Luisi and Favilla
(1972), Dunn (1972), McFarland and Bernhard (1972), Dunn
and Hutchison (1973), Shore, et al (1974), Dunn, Biellman,
and Branlandt (1975), Shore and Santiago (1975) and Suelter,
et al. (1975). Some of these studies have been reviwed
by Holbrook and Gutfreund (1973), Dalziel (1975), and
Branden, et al. (1975). The studies of Shore, Gutfreund
and colleagues have focused primarily on the oxidation of

ethanol (Reaction I), and the studies of Dunn, Bernhard,
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and colleagues have focused primarily on the reduction
of analogs of acetaldehyde 1in Reaction TI.

The substrate NDMA that 1s the subjJect of our study
1s an acetaldehyde analog substrate first studied by Dunn
and Bernhard (1971). They proposed the following overall

reaction for the LADH catalyzed reduction of NDMA by NADH
+ +
NDMA + NADH + H =+ P + NAD (11)

where NDMA 1s p-nitroso-N,N-dimethylaniline, and where P
was tentatively assigned as p-N,N-dimethylaminophenyl-
_hydroxylamine. NDMA was used because of its intense

4 0.D. M'lcm'l)

chromophore at 440 nm ( syo = 3.54 x 10
and was intended to be an analog of the non-absorber
acetaldehyde in the biological Reaction I [Dunn and Bern-
hard (1971)]; i.e., Reaction II involves reduction of the
carbonyl group of acetaldehyde.

Dunn and Bernhard (1971) measured in single wave-
length stopped flow experiments the absorbance-time pro-
files at 330 nm and 440 nm under a variety of initial
concentrations. Thelr interpretation of the reaction
focused primarily on the 440 nm results. They report
that when [NDMA]0 > [LADH]0 > [NADHJ0 (where [LADH]0
18 the initial concentration of actlive sites assuming two
active sites per LADH molécule), then the absorbance decay

at 440 nm is biphasic, with equal amplitude absorbance

changes 1n the fast and slow portions. On the assumption
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that NDMA 1is the only absorber at 440 nm, they calculated
that each portion of the biphasic decay corresponds to the
disappearance of NDMA equal to 1/2 [NADH]O. They observed
biphasic absorbance decay at 440 nm to a final value of
zero optical density under the conditions [LADH]O <
[NDMA]0 < [NADH]O. With the assumption that NDMA is the
only absorber at 440 nm, they calculated that the amount
of NDMA that disappeared in the fast portion was equal

to 1/2 [LADH]O. For the conditions [NDMA]O < [LADH]o <<
[NADH]O, they report a single rapid first order decay of
absorbance at 440 nm to zero optical density.

To explain their calculated results for the disap-
pearance of NDMA, Dunn and Bernhard (1971) proposed the
following mechanism, where E = LADH, S = NDMA, and X =
(NAD*-Product) complex,

fast fast
E(NADH),(S) <+ E(NADH),(S), <%
(I11)

slow +
E(NADH)(S)(X) -+ ...E + 2NAD + 2P

They assume that only species containing S have absorbance
at U440 nm, and that the spectral contribution of each S

is the same as free NDMA. III has been named the "half-
of-the-sites reactivity mechanism" [Br#dnden, et al.
(1975)]. It predicts that when one of the two sites on
an LADH molecule contains the NAD+-Product complex X,

conversion to NAD++Product of the NADH-S complex occupying
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the other site becomes very slow; l.e., the presence of X
on one site lowers the activity of the other site. III
also assumes that both sites must be occupied by NADH
before either site can reduce S. This feature 1s required
to account for Dunn and Bernhard's calculation that, when
[NDMAJO > [NADH],, the amount of S converted to X in the
fast portion of the biphasic decay is 1/2 [NADH]O, with
another amount 1/2 [NADH], converted to P in the slow
portion. Dunn and Bernhard (1971) proposed that NDMA
can dissociate rapidly from E(NADH)(S)X. Therefore, when
[NDMA], < [LADH], << [NADH], the NDMA is free to bind to
an enzyme molecule that does not contain X, and III pre-
dicts a single rapid decay of NDMA.

In proposing III, Dunn and Bernhard (1971) did not
assume that the two sites of LADH are different; there
is strong structural evidence that the free EE isozyme
of LADH is a symmetric dimer [Br#nden, et al. (1975)].
Rather, they assume that the two sites interact with each
other when they are occuplied by substrates and products.
Note that III requires interaction between the sites in
two senses:

(1) Both sites must be occupied by NADH and NDMA
before any product complex is formed.
(i1) The presence of X on one site lowers the
catalytic activity of the other site.

In earlier studies of the LADH catalyzed reduction
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of benzaldehyde, B-napthaldehyde, and 4-(2'-imidazolylazo)
benzaldehyde, Bernhard, et al. (1970) reported biphasic
decays of NADH and each aldehyde which they interpreted
in terms of Mechanism III. However, Shore and Gutfreund
(1970) studied the transient phase kinetics of Reaction I
with ethanol as the substrate and with acetaldehyde as
the substrate and found no evidence for any interaction
between the sites of LADH. In a review article on tran-
sient phase kinetic studies of dehydrogenases, Holbrook
and Gutfreund (1973) express the view that the biphasic
decays reported by Dunn and Bernhard (1971) reflect two
distinct steps in the mechanism rather than different
reaction rates for the i1ndividual sites.

The purpose of the research reported here is the
spectral and kinetic characterization of the substrates,
products and transient intermediates in the spectrally
rich LADH-NDMA-NADH reaction system, rather than the
resolution of the "half-of-the-sites reactivity" issue.
The broad-banded absorbance spectra of substrates enzyme
and products in Reaction II make this reaction spectrally
rich: NDMA (Amax = 440 nm), NADH (Amaxlg 260 nm, A =

max2

340 nm), Napt (Agayx = 260 nm), LADH (A = 280 nm), and

max
P (Amax = 255 nm (Dunn and Bernhard, 1971)). Dunn and
Bernhard (1971) observed that the decay of absorbance at
330 nm, which they attributed to the 340 nm band of NADH,
was not correlated to the decay of absorbance at U440 nm,

which they attributed to NDMA. Since the decay at 330 nm
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was much slower than at 440 nm, they hypothesized an ab-
sorbing intermediate at 330 nm. Schack and Dunn (1972)
observed absorbance growth and decay at 540 nm, which
they attributed to yet another intermediate. Suelter,

et al. (1975) observed in four replicate scanning stopped
flow experiments that the decay portions of the absor-
bance-time profiles at 330 nm, 350 nm, and 360 nm, had
different first order decay parameters. They hypothesized
two intermediates plus the 340 nm band of NADH as ab-
sorbers at these wavelengths. Suelter, et al. (1975)
also observed the growth and decay of absorbance at 540
nm reported previously by Schack and Dunn (1972). These
hints of spectral complexity and the occurrence of pos-
sible transient intermediates, plus the previous lack of
a systematic, mechanism-independent means of sorting out
these Intermediates, indicated to us that the LADH-NDMA-
NADH reaction was ripe for a scanning kinetics study
coupled with principal component analysis.

Figure 4.1 shows a simplified block diagram of the
scanning stopped flow absorbance spectrometer used 1n
this study. The design, construction, and characteriza-
tion of the stopped flow spectrometer were executed and
reported by Ho (1976). This instrument is a modifica-
tion of the stopped flow system reported by Papadakis,
Coolen and Dye (1975) and was specifically designed
for enzyme studies. It features low holding volumes

to minimize the required quantities of enzyme solutions
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Figure U4.1. Schematic diagram of the scanning stopped
flow spectrometer.
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and 1s convertible into a scanning stopped flow fluores-
cence spectrometer. The data collection interface and
software are described by Coolen, et al. (1975), Papadakis
(1974), and Coolen (1974).

B. Materials

The solvent for all solutions in this study was 0.05
M Na2P207 (Mallinckrodt Analytical Reagent) made with
quartz distilled H,0 and titrated to pH 8.75 with 6N
HC1l (Mallinckrodt Analytical Reagent).

Horse liver alcohol dehydrogenase (1.1.1.1) was pur-
chased from the Boehringer Mannhelm Corporation. Accord-
ing to the label, the sample contalned a crystallized
suspension of ~100 mg LADH in 0.02 M phosphate buffer,
pH 7.0, with 10% ethanol. As preparation for kinetics
measurements, the entire LADH sample was centrifuged,
the supernatant was discarded, the precipitate was dis-
solved in 10 ml of pH 8.75 buffer, and this 10 ml solu-
tion was dlalized against three 2000 ml portions of pH
8.75 buffer to remove the ethanol and other low molecular
welight 1mpurit1és. The dialized 10 ml LADH solution was
diluted to 30 ml with pH 8.75 buffer to make the LADH
stock solution, which was stored at 0°C until used in the
kinetics measurements.

NADH (Nicotinamide adenine dinucleotide) was purchased

™

from P. L. Blochemicals as ChromatoPure Coenzyme-1
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(DPNH) (DPNH is an older abbreviation used instead of
NADH.) NDMA was purchased from the Aldrich Chemical
Company as Aldrich Analyzed N,N-dimethyl-U4-Nitrosoaniline.
NADH and NDMA were used without further purification.

The concentrations of the LADH, NADH, and NDMA stock
solutions determined from absorbances measured with a
Cary 17 spectrometer and literature values of molar ab-
sorptivities are given in Table U4.1. The specific activity
of the LADH stock solution in the reduction of NDMA by
NADH was determined to be 8.5:0.1 (moles NDMA/sec equiv
LADH) at pH 8.75, 24°C, under assay conditions, and with
saturation of LADH by NADH and NDMA and where one equivalent
of LADH 1s defined as one mole of active sites, on the
assumption of two active sites per molecule of LADH
(Branden et al., 1975). Dunn and Bernhard (1971) report
a specific activity of 24+2 (moles NDMA/sec equiv. LADH)

for the same conditions.

C. Rapid Scanning Experiments from 275 nm to 614 nm

The purpose of these experiments was to characterize
spectrally and kinetically the substrates, products, and
transient intermedliates of the LADH-NADH-NDMA reaction
over a wilde spectral range. The wavelength range 275
nm - 614 nm was chosen for two reasons: (1) This is
the widest range that can be scanned in a single experiment

with adequate signal to noise ratlio across the spectrum
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Table 4.1

Molar Absorptivities of LADH, NADH, and NDMA

and Concentrations of Stock Solutions

Concentration of

-3 -1 -1
emax/lo 0.D. M “cm Amax/nm Stock Solution/uM
LADH 35,32 280 31.4
NADH 6.22° 340 120.
NDMA 35.4°¢ 440 107.

83und and Theorell (1960).
Pp. 1. Biochemicals (1973).

®Dunn and Bernhard (1971).
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with the current stopped flow spectrometer. (11) The
range 275 nm - 614 nm includes the wavelengths of maximum
absorbance for LADH (280 nm), for the NADH nicotinamide
absorbance band (340 nm), and for NDMA (440 nm), and
extends beyond 540 nm, where absorbance changes observed
by two other groups of investigators (Schack and Dunn,
1972; Suelter et al., 1975) have been attributed to a
transient intermediate.

Table 4.2 summarizes the initial conditions of the rapid
scanning kinetics experiments. Four sets of initial condi-
tions were tested. The flrst digit of each experiment
number has possible values one through four, indicating
which of the four sets of 1nitial conditions was employed.
The second digit represents replicates for a particular
set of initial conditions. Table 4.2 also introduces
the abbreviation system used in this chapter. LADH 1is
represented by E, NADH by N, and NDMA by S. The abbrevia-
tion for an experiment gives the symbol for each speciles
subscripted with its initial micromolarity in the experi-
ment. The 1nitial concentration of LADH 1s reported as
micromolarity of active sites (micronormality), on the
assumption of two active sites per molecule of LADH
(Branden, et al., 1975).

In a scanning stopped flow experiment, the reaction
is initiated by mixing solutions from two pushing syringes.
Thus, in each experiment, two of the three reactants

LADH, NADH, and NDMA must be premixed in one of the
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pushing syringes. Experiments 1.1 through 4.2 cover three
sets of initial concentrations. Experiment 2.1 repeats
the initial concentrations of Experiments 1.1 and 1.2,

but with NADH and NDMA premixed in one pushing syringe
instead of LADH and NDMA. This was done in order to
determine 1f LADH and NDMA react without NADH in a way
that measurably alters the course of the reaction after
NADH is added. Experiments 3.1 through 4.2 have the same
mixing order as Experiment 2.1.

For use as proposed static spectra of suspected ab-
sorbers in the principal component analysis that follows,
the individual static spectra of LADH (7.39 uN), NADH
(18.6 uM), and NDMA (5.36 uM) were measured in the stopped
flow spectrometer with the same instrumental settings as
for the scanning klnetics experiments. Each static
Spectrum is the average of 256 scans.

All of the scanning experiments were performed with‘
a scanning rate of 37.5 scans/sec (75 scans/sec with the
backscan discarded), 54 wavelength channels per scan,
and 5 samples per point. The number of consecutlve
spectra are listed for each kinetics experiment 1in Table
4,2, The temperature in each experiment was assumed to
be the ambient temperature of the laboratory, which was
23-24°C over the course of the experiments.

With a given voltage applied to the photomultiplier
tubes, the overall response curve of the stopped flow

Spectrometer has a higher signal in the 300 nm - 600 nm
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range than below 300 nm. Therefore, the order to flatten
the response curve so that the 275 nm - 614 nm range could
be scanned in a single experiment, a liquid optical filter
solution of 0.090 M CoSO) and 0.076 M NiSO, in a 4.2 cm
path length quartz cell was Inserted between the Xenon
lamp and the entrance slit of the monochromator. Solu-
tions of CoSOu and NiSOu have broad absorbance bands
centered at 510 nm and 390 nm, respectively, so that the
filter solution reduces the signal in the 300 nm - 600

nm range to match more closely the signal below 300 nm.

D. Calibratlions and Corrections

The wavelength of each wavelength channel was esti-
mated by fitting observed absorbance peaks of holmium
oxide and didymium oxide glasses to an equation which
is appropriate for the particular scanning monochromator
and the data collectlion system used. The detalls of this
procedure are given in Appendix E. Figure 4.2 shows the
wavelength curve obtained from the calibratilion procedure,
and Table 4.3 1lists the estimated wavelengths of each
channel.

Absorbances and times for each experiment were esti-
mated by the program ABCAL from neutral density filter
calibration data and the software collection parameters
for each experiment. Appendix E describes these cali-

brations and gives instructions for using ABCAL.
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Wavelength Calibration of the 275 nm - 614 nm
Experiments.

m=Wavelength =Wavelength
Channel A /nm Channel A/nm
1 274.6 28 367.9
2 275.2 29 376.7
3 275.9 30 384.6
by 276.8 31 393.8
5 277.9 32 4o3.4
6 279.2 33 413.6
7 280.0 34 b2y.3
8 282.3 35 435.5
9 284.1 36 hy7.2
10 286.1 37 459.4
11 288.3 38 h72.0
12 290.8 39 ugu.9
13 293.4 Lo 498.0
14 296.3 4 511.3
15 299.4 42 524.6
16 302.8 43 537.6
17 306.4 Ly 550.4
18 310.3 45 562.6
19 314.4 b6 574.0
20 318.9 b7 584.4
21 323.7 48 593.7
22 828.8 kg 601.4
23 334.3 50 607.6
24 340.2 51 612.1
25 346.5 52 614.6
26 353.2 53 615.1
360.3 54 613.7

n
3
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Figure 4.2. Wavelength calibration for the 275 nm - 61U
nm experiments. Polnts are holmium oxide
and didymium oxide calibration peaks.
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The absorbance-wavelength-Lime data were corrected
for two sources of systematic experimental error. The
first source of systematic error 1s the finite scan
speed of the monochromator. Recall from Chapter 2 that
the model for the absorbance matrix A in principal component
analysis assumes that each consecutive spectrum is mea-
sured instantaneously, whereas, in these experiments,
each scan requires 0.0133 seconds. This difference between
the experiment and the model 1s important in the first
group of spectra, wherethe half-times of absorbance changes
may have magnitudes comparable to the scanning period.
The data were corrected for the finite scan speed error
by interpolating the absorbances so that each wavelength
channel in a corrected spectrum corresponds in time to
the last wavelength channel of the spectrum. If A1J is
the absorbance measured at wavelength channel 1 in the
spectrum j at time tij’ then the absorbance corrected for

finite scan speed is given by

1]

Aij(corrected) = :
(t15417%1y)

i=1,2,...,p
J = 1,2,.0.(N_1)

where the p'th wavelength channel 1s the last channel 1in

the spectrum (p=54). The N'th (or last) consecutive
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spectrum 1s not corrected for finite scan speed.
The second source of systematic error 1s light of
wavelength above 320 nm that 1s scattered by the mono-
chromator and artificially depresses absorbances measured
below 300 nm. Additional kinetlcs experiments were
performed to obtain the data necessary to correct ab-
sorbances for scattered light. An experiment was per-
formed with the same initlal conditions as each experiment
in Table 4.2, but with a Corning CSO054 Color Filter in
the sample path. The CSO054 filter is a cutoff filter of
absorbance greater than 2 for wavelengths below 300 nm.
The absorbance corrected for scattered light is A

t’

Ay = logy o[ (1-1072F)/ (107" 1074¢e)] (4.1)

where A is the measured absorbance, A, is the true ab-

t
sorbance, Ac is the absorbance measured at the wavelength
and time corresponding to A but with the CSO54 filter in
the sample path, and Ay 1s the absorbance of the CSO54
filter at the same wavelength as A and Ac'

The absorbances are related to intensities by the

equations

A = loglo[Io/(It+Is)]

>
|

t = 1081015/ 1¢)

>
]

¢ = logg[I /(1 207AF + 1)1,
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where Io is the light intensity from the reference cell,
It is the true intensity from the sample cell (without
scattered light), and I, 1s the scattered light intensity
from the sample cell. Absorbances for wavelength channels
1-15 (275 nm - 300 nm) were corrected for scattered light
with Equation (4.1). The correction increased these
absorbances by 0.1-0.2 optical density units but did not
change the qualitative shape of the absorbance-time pro-

file at each wavelength channel.

E. Absorbance-Wavelength-Time Surfaces

In Experiments 1.1-4.2, absorbances for wavelength
channels U8 through 54 (594 nm - 614 nm) varied randomly
about zero. Therefore, we omit these channels from the
discussion of Experiments 1.1 - 4.2 in the remainder of
this chapter.

Figure U4.3 shows two views of the corrected absolute
absorbance surface A for wavelength channels 1 through 47
(275 nm - 584 nm) in Experiment 1.1. Note that the 61
consecutive spectra are equally spaced in Figure 4.3 and
that the scale for the time axls 1is geometric in time.
This 1s because the data collection software averages a
number of measured scans and stores the average as a
single consecutive spectrum. The number of measured scans
averaged into each stored spectrum i1s increased with time

during the reaction, so that, at early times where fast
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Figure 4.3. Fxperimental absolute absorbance surface

A, Experiment 1.1, E7.39N15.0313.u’ (N) with
(E+S). A. Front view. B. Rear view.
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changes occur in the reaction, there is little or no
averaging, while at late times when changes are slow,
there are many measured scans per stored spectrum. (See
Coolen et al. (1975) for a detalled description of this
averaging scheme.) The last spectrum of a given experi-
ment 1s called the infinity spectrum. The operator
manually triggers the measurement of the infinity spectrum
when absorbance monitored on a storage oscilloscope has
stopped changing with time. In Experiments 1.1 - 4.2,
the time elapsed between the (N-1)'th spectrum and the
infinity spectrum is at least 300 seconds.

Figure 4.3 is dominated by large constant absorbances
that obscure the progress of the reaction. The dynamics
of absorbance changing with time at different wavelengths
are better 1llustrated for Experiment 1.1 by the differ-
ence surface (A-A), two views of which are shown in
Figures 4.4 and 4.5. Data plotted in Figure 4.3 are
plotted in Figures 4.4 and 4.5 after first subtracting the
average of all 61 consecutive spectra from each spectrum.
Note that, if absorbance did not change with time during
an experiment, the difference surface (A-A) would be a
horizontal plane. Figures 4.6, 4.7, and 4.8 show the
difference surfaces (A-A) for Experiments 2.1, 3.1, and
4,1, respectively. Each of the replicate experiments 1.2,
3.2, 3.3, and 4.2, not shown here, has a difference sur-
face similar to that for the first experiment with the

corresponding initial conditilons.
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Figure L.4. Experimental difference surface (A-A),
Experiment 1.1, E7.39N15.0813'u, (N) with

(E+S), front view.
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Figure 4.5. Experimental difference surface (A-A), Ex-

periment 1.1, E7.39N15.0813.u, (N) with
(E+S), Rear view.
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Figure 4.6. Experimental difference surface (A-R), Ex-

periment 2.1, E (N+S) with

7.39%15.0%13.4°
(E), Rear view.
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Figure 4.7. Experimental difference surface (A-R), Ex-
periment 3.1, E18.6N15.0813.U’ (N+S) with
(E), Rear view.
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Figure 4.8. Experimental difference surface (A-A), Ex-

periment 4.1, E7.39N6.0513.u’ (N+S) with
(E), Rear view.



114

F. Weights for Principal Component Analysis

Note in Figures 4.4 - 4.8 that each experiment has
conslderably more random noise at low wavelengths and early
times than at high wavelengths and late times. Recall
from Chapter 2 that, to account for the imbalance of
signal/noise in principal component analysls, we devised
a welghting scheme which assumes that Oij’ the variance

of the i1,j'th measurement error, 1s gilven by

13 T %1%

where Xy and z, describe the change of noise with wave-

J
length and time, respectively.

The contribution of x; in Experiments 1.1 - 4.2 was
estimated from the following separate series of experi-
ments. In each experiment, 63 consecutive scans were
collected with buffer solution in both the sample and
reference cells, and with a neutral density filter in
the sample path to give a nominal absorbance level. The
variance Xy was estimated from scatter about the mean
absorbance for each wavelength channel with the equation
63

= (1/62) (A,, - K, )°
X4 kzl 1k 1

The variation of experimental nolse with wavelength was
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determined for the following nominal absorbance levels:
0.0, 0.3, 0.7, 1.0, and 1.3 optical density units. Fig-

ure 4.9 shows x}/2

versus wavelength channel 1 at three
absorbance levels covering this range of absorbances.
For a glven absorbance level, the highest error varlance
occurs at channel one. The peaks of xi/z at channels 32
and 41 correspond respectively to the NiSOu and COSOM
absorbances bands at 390 nm and 510 nm, which reduce the

signal and thus increase the absorbance nolse at these

wavelengths.

1/2
i

wavelength channel 1. Although the weightling scheme does

Note that x varies with absorbance as well as with

not have enough degrees of freedom explicitly to account
for the variation of nolse with three independent vari-

ables (wavelength, time, and absorbance), we can approxi-
mately include the variation with absorbance by choosing

1/2
for xi

the value for the nominal absorbance level
closest to the mean absorbance measured at channel 1

In the klnetics experiment. With this approximation, L

i’
the wavelength welight for the 1'th wavelength channel,
was assligned by the equation
2 -
L, = al/%x]1/? (2.28)

with the arbitrary constant a set to unity (see Chapter
2). Table 4.4 1ists the wavelength welghts for Experi-

ment 1.1.
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Figure 4.9. x%/2 (standard deviation of random errors)
versus wavelength charnel for Experiments
1.1 - 4.2. A. 1.3 0.D. neutral density
filter. B. 0.7 0.D. neutral density filter.
C. Buffer versus buffer.
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Table 4.1, Wavelength Welghts, Li, for Experiment 1.1.

Wavelength Wavelength

Channel 1 Li Channel 1 Li
1 65.5 25 620.1
2 72.0 26 581.7
3 79.3 27 638.1
4 63.8 28 475.0
5 88.4 29 392.8
6 90.1 30 265.3
7 9L .0 31 228.1
8 93.1 32 275.6
9 107.6 33 b67.9
10 125.1 34 547.9
11 158.2 35 T04.4
12 141.1 36 750.4
13 102.4 37 702.1
14 311.7 38 698.8
15 357.0 39 488.9
16 375.0 Lo 458.5
17 324.1 b1 359.1
18 384.0 b2 316.9
19 386.5 43 639.5
20 44s.2 uy 989.3
21 521.4 45 917.0
22 468.0 L6 903.4
23 ug2.7 b7 1132.4
24 555.2
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The number of measured scans averaged and stored as
the J'th consecutive spectrum of the experiment 1s g(nJ"l),
where g is the grouping factor and nJ i1s the group number
of spectrum J. (See Coolen, et al. (1975) for a detailed
explanation of these terms.) [In Experiments 1.1 - 3.3,

g = 2, and for Experiments 4.1 = 4.2, g = 3.] The con-

tribution of zj to the error variance should be gilven by

2y = g(l-nj).
However, the absorbance data are stored in the PDP8I
computer as four octal bit words, and the digital resolu-
tion of absorbances in Experiments 1.1 - 4.2 is ~+0.001
optical density units. To take account of this digital
resolution limit, zj was assigned as shown in Table 4.5,

where increasing the spectral averaging beyond 8 or 9

(measured scans/stored spectrum) was assumed to give no

further reduction of zJ. The time welghts, TJ, listed in
Table 4.5, were assigned by the equation

J J

with the arbitrary constant b set to unity (see Chapter
2).

In Sections G through N we apply the seven step strategy
of Chapter 3 to resolve Experiments 1.1 - 4.2 into the static

spectra and concentration vectors of their absorbers.
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Table 4.5. Time Welghts TJ for Experiments 1.1 - 4.2,

Number of Spectra Averaged 2y TJ (Optical Density
1 1.000 1.000
2 0.500 1.414
3 0.333 1.732
4 0.250 2.000
e 0.125 2.828
90 0.111 3.000

aGrouping factor

bGrouping factor
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G. Principal Component Analysis, Step 1

In Step 1 we use weighted M and S analyses to deter-
mine for each complete experiment, m, the minimum number
of absorbers, and s, the minimum number of absorbers whose
concentrations change with time. The numbers m and s are
determined by finding the minimum number of eigenvectors
of Mw and §w, respectively, that are required to recon-
struct the experimental absorbance surface to within its
random experimental error. We 1llustrate this procedure
with the M analysis of Experiment 1.1.

Figure 4.5 1s the experimental difference surface (A-B)
for Experiment 1.1. Figure U4.10 is the reconstruction of
(A-L) using one eigenvector of M, and 1s the best least
squares fit of Figure 4.5 that can be obtained assuming
that there 1s only one absorber in Experiment 1.1, regard-
less of what we assume for the kinetic mechanism or the
static spectrum of the absorber. Since Figure 4.10 is
a poor reconstruction of Figure 4.5, we conclude that
Experiment 1.1 must have more than one absorber.

Figure 4.11 is the best reconstruction of (A-E)
assuming that Experiment 1.1 has only two absorbers.
Again, Figure 4.11 is a poor reconstruction of the
experimental difference surface in Figure 4.5, so we
conclude that Experiment 1.1 must have more than two
absorbers.

Figure 4.12 1s the best reconstruction of (A-A)
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Figure 4.10. Reconstruction of experimental difference
surface assuming one absorber in Experiment
1.1, Rear view.
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Figure 4.11. Reconstruction of experimental difference
surface assuming two absorbers in Experiment
1.1, Rear view.
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assuming that Experiment 1.1 has oniy three absorbers.
We observe that 1t 1s qualitatively similar to the experi-
mental difference surface in Figure U4.5. However, there
are some systematlic differences. We note particularly
that the last spectrum (the infinity spectrum) is not
correctly reconstructed in Figure 4.12. The incorrect-
ness of this single spectrum 1s sufficient evidence for
us to conclude that Experiment 1.1 must have more than
three absorbers. However, there are other systematic
differences between Figures 4.12 and 4.5 that can be seen
with the aid of a weighted residual surface.

The welghted residual surface for r eigenvectors 1s

defined by
Bury = L&) - I

If the reconstructed and experimental difference surfaces
agree to within their random errors, the welghted residual

surface should be random. Moreover, when the error model

cij = xin exactly describes the experiment (it approxi-

mately describes Experiment 1.1) and when the weighting
matrices L and T are assigned with thelr arbitrary con-
stants a and b set equal to unity, then the sample var-
iance of the weighted residuals, Qr/(N—r)(p-r), with Qr
defined by Equation (2.31), should approach unity for r
equal to the essential rank m. Figure 4.13 1s the

welghted residual surface assuming there are only three



124

Z/
P %, D0 %%
e
LB R
h\h\“\‘,o' RREES S0
\\\\\‘,O/I, 91,20,%50,% S R
d(lliusss s
A ‘ ' “ N ’?":'l'" 0“.
s
\)
\)
L)
LT LY 1A Sy
R
e “‘“l“ \\‘.‘

Figure 4.12. Reconstruction of experimental difference
surface assuming three absorbers in Experi-
ment 1.1, Rear view.
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Figure 4.13. Weighted residual surface assuming three
absorbers in Experiment 1.1, Rear view.
Vertical scale from -450.0 to +500.0 weighted
absorbance units.
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absorbers in Experiment 1.1. The systematic appearance
of the welghted residual surface and the fact that
Q3/(N-3)(p-3) equals 84.08 support the conclusion that
Experiment 1.1 must have more than three absorbers.

Figure 4.18 1s the best reconstruction of (A-A) assum-
ing that Experiment 1.1 has only four absorbers. We note
that the infinity spectrum 1s not a correct reconstruction
of the experimental infinity spectrum in Figure 4.5, so we
conclude that Experiment 1.1 must have more than four
absorbers. Figure U4.15 i1s the weighted residual surface
assuming there are only four absorbers in Experiment 1.1.
We note that the welghted residuals are more random for
four absorbers than for three absorbers, but that they
are still systematic at late time, and that the weighted
residuals across the infinity spectrum are much larger
than across the other spectra. Q,/(N-4)(p-4) 1s 10.57,
and the welghted residuals thus support the conclusion
that Experiment 1.1 has more than four absorbers.

Figure 4.16 is the best reconstruction of (A-A) assum-
ing that Experiment 1.1 has only five absorbers. We note
that the experimental infinity spectrum is correctly re-
constructed in Figure U4.16. PFigure U4.17 is the weighted
residual surface for five absorbers, which appears to have
few if any systematic patterns. QS/(N-S)(p-S) equals 2.24,
which 1s close to unity, especlally considering that the
error model Oij = xizJ only approximately describes Ex-

periment 1.1.
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Figure U4.14. Reconstruction of experimental difference
surface assuming four absorbers in Experiment
1.1, Rear view.
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Figure 4.15. Weighted residual surface assuming four
absorbers in Experiment 1.1, Rear view.
Vertical scale from -30.0 to +10.0 welghted
absorbance units.
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Figure 4.16. Reconstruction of experimental difference

surface assuming flive absorbers in Experi-
ment 1.1, Rear view.
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Figure 4.17. Weighted residual surface assuming five
absorbers in Experiment 1.1, Rear view.
Vertical scale from -10.0 to +5.0 weighted
absorbance units.
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Before concluding that five elgenvectors of ﬂw are
sufficient to reconstruct the experimental absorbances
to within random errors, we examine the two dimensional
plots of the experimental and reconstructed absorbances
versus time for all U7 wavelength channels. Figure 4. 18A
shows the comparison of E(S) and A for wavelength channel
1. Similar plots show that 3(5) fits A equally well for
wavelength channels 2 through 47. Now, m, the essential
rank of M., 1s defined as the minimum number of eigenvec-
tors required to reconstruct the experimental absorbances
to within their random errors. Therefore, we conclude
that m equals five in Experiment 1.1 from the observa-
tions that one, two, three, or four eigenvectors do not
reconstruct the absorbances to within random errors,
whereas five eigenvectors reconstruct the absorbances
to within random errors. The only improvement in recon-
structing the absorbances with more than five eigenvec-
tors 1s to reconstruct the random errors themselves.
Figure 4.18B shows the comparison of 3(6) and A for wave-
length channel 1. Note that £(6) gives no improvement
over 3(5) in reconstructing A, except at the level of
the random errors. Thus, we conclude that Experiment 1.1
has five linearly independent absorbers.

Recall from Chapter 2 and Appendix C that for an
infinitely large experiment described by the error var-
lance model oij = XyZ4, the mean of the nonessential

elgenvalues of My, defined by
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Figure 4.18. (A) E(S) and A for wavelength channel 1

(275 nm), Experiment 1.1. X = A,
0= 4

(B) £(6) and A for wavelength channel 1

(275 nm), Experiment 1.1. X = A,

0 = é(6).
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p
O G

equals one for r=m,m+l,...,p. Therefore, the first value
of r for which § =1 is m, the essential rank of M, . This
suggests that for a finite size experiment described by
the error variance model oij = xin, m is the first value
of r for which E} approaches unity. The same rule applies
to the mean of the nonessential elgenvalues of §w when r
equals s, the essential rank of §W'

Since the variance model oid = xizJ only approximately
describes Experiments 1.1 - 4.2., we do not use the mean
of the nonessential elgenvalues as a strict criterion for
determining m and s. Instead, we use as the criterion
the reconstruction of the experimental absorbances to
within random errors, as illustrated above for the deter-
mination of m in Experiment 1.1. Nevertheless, we 1list
the mean of the nonessentlal eigenvalues for M and S
analyses of Experiments 1.1 - 4.2 in Tables 4.6 and 4.7,
respectively. In these tables, the mean of the nones-
sential eligenvalues 1s underscored for the minimum number
of eigenvectors required to reconstruct the experimental
absorbances to within random errors. .Thus, Experiments
1.1 through 3.3 have five linearly independent absorbers
(m=5), of which at least four change concentration (s=4),
whereas Experiments 4.1 and 4.2 have six linearly indepen-
dent absorbers (m=6), of which at least five change

concentration (s=5). Note that in all these experiments,
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the mean of the nonessential eigenvalues 1is within an
order of magnitude of unity for the correct essential rank.
Of course, the mean of the nonessentlal elgenvalues must
elther decrease or remain constant as r is 1ncreased
beyond m, since the eigenvalues are arranged 1n decreasing
order.

Tables 4.8 and 4.9 1list the sample variance of the
welghted residuals, Qr/(N-r)(p-r), for the M and S analyses
of Experiments 1.1 - 4.2, with a format similar to Tables
4.6 and 4.7. Note that Q./(N-r)(p-r) is within an order
of magnitude of unity for the correct essential rank in
each experiment.

We take as evidence of the precision of the scanning
experiments the reproducibility of the (m,s) pairs for
the replicate experiments and the similar appearance of
thelr experimental absorbance surfaces. Therefore, in
Steps 2 through 7 we shall discuss only the first experi-
ment for each set of initial conditions, 1.e., Experiments

1.1, 2.1, 3.1, and 4.1.

H. Principal Component Analysls, Step 2

In Step 2 we fit to the M analysis elgenvectors for
each whole experiment the measured statlic spectra of NDMA,
NADH, and LADH. A measured static spectrum that fits a
particular experiment may be counted as belonging to |

one of the m absorbers in that experiment.
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Figures 4.19 through 4.22 show the M analysis fits of
the measured static spectrum of NDMA to Experiments 1.1,
2.1, 3.1, and 4.1, respectively. Only in Experiment 4.1
does the measured static spectrum of NDMA fit as one of
the m llnearly independent absorbers. In Experiments 1.1,
2.1, and 3.1, the static spectrum of NDMA fits except for
a shoulder 1n the calculated spectrum centered approxi-
mately at wavelength channel 24 (340 nm). This suggests
that in these experiments, the concentration of NDMA may
be llnearly dependent on the concentration of another
absorber with an absorbance band at 340 nm. If so, then
Experiments 1.1, 2.1, and 3.1 actually have six absorbers,
of which only five are linearly independent.

Figures 4.23 and 4.24 show the M analysis fits of the
measured static spectra of NADH and LADH to Experiment
1.1. Neilther measured static spectrum fits as belonging
to one of the five linearly independent absorbers. Simi-
lar poor M analysis fits were obtained for NADH and LADH
in Experiments 2.1, 3.1, and 4.1. Since NADH and LADH
are undoubtedly present as chemical species 1n all of
these experiments, these results suggest that either dif-
ferent spectral forms for NADH and LADH occur in the re-
action, with effectively 1nstantaneous complete conversion
to these forms, or that the static spectra or concentration
profiles of NADH and LADH are linearly dependent on the
static spectra or concentration profiles of the other

absorbers in these experiments.
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The NADH situation 1is partly resolved by considering
the changes that occur when NADH 1s oxidized to NAD+.
Figure 4.25 shows the absorbance spectra of NADH and Nap?t
(P. L. Biochemicals, 1973). NADH has two absorbance
bands, with peaks at 260 nm and 340 nm, respectively.

The 340 nm absorption arises from the reduced nicotin-
amide portion of NADH (Kaplan, 1960) and disappears when
NADH 1is oxidized to NAD+. The 260 nm absorption arises
from the adenine portion of NADH, and is enhanced but not
changed in shape by an additional 260 nm absorption from
the oxidized nicotinamide portion when NADH is oxidized
to NAD? (Kaplan, 1960). Thus, the two absorbance peaks of
NADH should make separate Beer's Law contributions to the
absorbance surface. We therefore fit separately the 260
nm and 340 nm bands to the M analysis eigenvectors of
Experiments 1.1 through 4.1.

Figure U4.26 shows the M analysis fit of the NAD+
260 nm absorbance band from Figure 4.25 to Experiment 1.1.
The fit is too poor to conclude that the 260 nm absor-
bance band of NADH and NAD+ fits as a linearly independent
absorber in Experiment 1.1. The same negative result was
obtained for Experiments 2.1, 3.1, and 4.1. (In Section
O we analyze a special scanning experiment from 250 nm -
300 nm that includes the NADH-NAD' absorbance maximum at
260 nm.)

Figure U4.27 shows the M analysis fit of the 340 nm

band of the measured static spectrum of NADH to Experiment
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1.1, from which we condlude thattthe 340 nm band of NADH
dcoces not belong to one of the five linearly independent
absorbers in Experiment 1.1. The 340 nm band of NADH

fits equally poorly in Experiments 2.1 and 3.1. Figure
4,28 shows the M analysis fot of the 340 nm NADH band to
Experiment U4.1. The fit 1s good except for the large
random deviationrs in the baseline below 300 nm. This sug-
gests that the 340 nm band of NADH may make a small ab-
sorbance contribution as the sixth absorber 1n Experiment
4,1, which would be consistent with the following observa-

tions:

1. NADH3M0 nm fits Experiment 4.1, but not Experi-
ments 1.1, 2.1, and 3.1.

2. Experiment 4.1 has six linearly independent ab-
sorbers, whereas Experiments 1.1, 2.1, and 3.1
have only five.

3. Experiments 1.1, 2.1, and 3.1 appear to have
linear dependence between the concentrations of

NDMA and an absorber with a peak near 340 nm.

Our interpretation of these observatlons 1is that in
Experiment 4.1 NDMA and NADH340 nm Dave linearly independent
concentrations, whereas, 1n Experiments 1.1, 2.1, and 3.1
the concentrations of NDMA and NADH%O nm are linearly
dependent on each other. We note that Experiments 1.1,

2.1, and 3.1 have the same ratio of initial concentrations

([NDMA]O/[NADH]O) = 0.89, nearly unity, whereas Experiment
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Figure 4.25. Absorbance of spectra of NADH and Napt

(P. L. Biochemicals, 1973).
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4.1 has the ratio ([NDMA)O/[NADH]O) = 2.3. This suggests
(see Example 3.1) that the linear dependence of NDMA and
NADH concentrations in Experiments 1.1, 2.1, and 3.1,

may occur because the ratio of their initial concentra-
tions 1s near the ratio of their stolchiometries in the

reaction (assuming a 1:1 stoichiometry ratio.)

I. Principal Component Analysis, Step 3

In Step 3 we fit to the S analysis eilgenvectors each
measured static spectrum that fit as an absorber in Step
2. Each spectrum that fits the S analysis eigenvectors
may be counted as belonging to an absorber whose concen-
tration changed and whose rate is linearly independent of
the rates of the other absorbers.

In Step 2, we showed that the measured static spectrum
of NDMA and the 340 nm band of NADH fit as belonging to
an absorber in Experiment 4.1. Figures 4.29 and 4.30 show
the S analysis fits of NDMA and NADH3u0 nm ©° Experiment
4.1, from which we conclude that NDMA and the 340 nm band
of NADH have linearly independent rates in Experiment 4.1.
There are no other static spectra from Step 2 to test in

Step 3.
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J. Principal Component Analysis, Step U

Recall from Section B of Chapter 3 that each measured
static spectrum that fits the M analysis eigenvectors of
an experiment glves an estimate for one column of the
rotation matrix U. When m columns of U have been estimated,
we can resolve the experiment into the static spectra and
concentration vectors of its m linearly independent ab-
sorbers.

We have from Step 2 two columns of U for Experiment
4,1, corresponding to the successful M analysis fitting
of the static spectra of NDMA and NADH3u0 nm* Four more
columns of U are required to resolve Experiment 4,1, So
far we have no estimates for the five columns of U in
Experiments 1.1, 2.1, and 3.1 since no measured static
spectra fit these experiments. In Step 2 we suggested
that NDMA and NADH3MO nm May be linearly dependent ab-
sorbers 1n Experiments 1.1, 2.1, and 3.1. Even if they
are, they count together as only one linearly 1independent
absorber in these experiments, and we are still left with
four linearly independent absorbers that must be either
transient intermediates or unknown products. Although we
have no measured static spectra for these absorbers, we
can infer some of their spectral and kinetic properties
in Steps 5 through 7, which we perform for Experiment 1.1.
We then transfer the spectral properties determined for

Experiment 1.1 to Experiments 2.1, 3.1, and 4.1,



157

K. Principal Component Analysis, Step 5

In Step 5 we perform M and S analysis on subspaces
of wavelength and time to find parts of Experiment 1.1
that contain fewer than five absorbers.

Figure U4.31 shows a breakdown of Experiment 1.1 into
four wavelength subspaces, I (channels 1-15), II (channels
16-29), III (channels 30-38), and IV (channels 39-47).

We performed M and S analyses on each subspace, using all
61 consecutive spectra in each case. Figure 4.31 shows

the (m,s) pairs thus obtained for each subspace and several
combinations of subspaces.

We draw the following conclusions from Figure 31:

1. Either the concentration of one of the two ab-
sorbers in I does not change, or the rates of
the two absorbers in I are linearly dependent on
each other.

2. IITI and IV have one absorber in common, whereas
the two absorbers in I do not absorb in III or IV.

3. I, III, and IV are two-absorber subspaces that
together have all five of the linearly independent

absorbers that are 1n the whole experiment.

Therefore, by separately resolving I, III, and IV with
the two absorber simplifications of Chapter ., Section D,
we can obtain the concentration profiles of ai. five

linearly independent absorters. From these, we can resolve
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the whole experiment to obtain the static spectra of all

five linearly independent absorbers.

L. Principal Component Analysis, Step 6

In Step 6 we use the two absorber simplifications of
Chapter 3, Section D, to resolve partially or completely

each of Subspaces I, III, and IV.

Subspace I (275 nm - 299 nm) In Step 2, we showed

that LADH and NADH, which absorb between 275 nm and 299
nm, do not fit as linearly independent absorbers in Experi-
ment 1.1. Therefore, we have no outside information
about the static spectra or concentration profiles of the
two absorbers in Subspace I. However, we can obtain the
range of acceptable shapes for their static spectra and
concentration profiles by applying the solution bands
for two absorbers defined in Chapter 3, Section D. Re-
call that these solutlion bands use the nonnegative defil-
niteness of the static spectra and concentration profiles
and the M analysis eligenvectors to define the upper and
lower bounds of the static spectra and concentration
profiles, each normalized to unit length.

Figure U4.32A shows the solution bands for the first
absorber's normalized static spectrum, which must fall
on or between iiL and iiH’ symbolized by L and H, respec-

tively. Note that L and H corss, and thus giL is not
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Solution bands for normalized statlec spectra
in Subspace I, Experiment 1.1, L = i&L’

A

H = E&H‘ A. First absorber. B. Second
absorber.
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always less than iiH’ This is a general situation that
also obtains for the concentration solution bands §3L and
é&n. From Figure 4.32A we see that the absorbance of

the first absorber in I 1s still increasing with decreas-
ing wavelength between channels 2 and 1, and that this
absorber thus has its maximum absorbance at a wavelength
less than or equal to 275 nm.

Figure 4.32B shows the solution bands for the static
spectrum of the second absorber in Subspace I. These
solution bands are not as informative as those for the
first absorber, since they give no indication of where
the second absorber has its peak absorbance.

Figures 4.33A and 4.33B show the solution bands for
the normalized concentration profile of the first and
second absorbers, respectively, in Subspace I. (Note that
in these figures the time axis is linear in spectrum
number, and not in time.) The normalized concentration
profiles must fall on or between §3L and éiH’ symbolized
by L and H, respectively. According to Figure M.33A,'
the first absorber's concentration may grow and then decay
(H), decay and then grow (L), or remain constant (a pos-
sibility between L and H). According to Figure U.33B,

the second absorber's concentration must grow and then

decay.

Subspace III (385 nm - 472 nm) Figures U4.34 and 4.35

show the solution bands for the normalized static spectra
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Solution bands for normalized static spectra
in Subspace I, Experiment 1.1, L = §5L,

H = §jH‘ A. First absorber. B. Second
absorber.
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and concentration profiles of the two absorbers in Sub-
space III. According to Figure 4.34A, the first absor-
ber's absorbance maximum in thisssubspace 1s between 385
nm and 403 nm (wavelength channels 30-32), and according
to Figure 4.34B, the second absorber's absorbance maximum
is between U424 nm and 459 nm (wavelength channels 34-37).
From Figure U4.35A we cannot determine whether the first
absorber's concentration profile is a biphasic decay (H)
or a growth followed by decay (L). Figure 4.35B shows
that the second absorber's concentration profile is a
rapid decay.

NDMA has an absorbance maximum at 440 nm, and as a
substrate 1n the reaction, might be expected to decay
raplidly. Therefore, NDMA 1s a likely candidate for the
second absorber in Subspace III. Figure 4.36A shows the
M analysis fit of the measured static spectrum of NDMA
in Subspace III, and we conclude that NDMA 1s the second
absorber in III.

Recall from Chapter 3, Section D, that in a two ab-
sorber subspace, when the shape of one absorber's static
spectrum is known, the shape of the other absorber's con-
centration profile can be computed directly. By assuming
that NDMA is the second absorber, we compute the shape of
the first absorber's concentration profile shown in Figure
4,36B from the shape of its static spectrum and the M
analysls eilgenvectors. Thus, the first absorber is an

intermediate that grows and decays.
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Solution bands for normalized static spectra
in Subspace III, Experiment 1.1, L = i&L’

H = g&H. A. First absorber. B. Second
absorber.
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Figure U4.35. Solution bands for normalized concentra-
tion profiles in Subspace III, Experiment 1.1,
- | =A|
L = gﬂL, H Syn- A. First absorber. B.
Second absorber.
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A. M analysis fit of the measured NDMA
static spectrum, Subspace III, Experiment
1.1, X = measured, O = calculated. Vertilcal
scale in arbltrary absorbance units.

B. Concentration profile of the first ab-
sorber in Subspace III, Experiment 1l.1.
Vertical scale in arbitrary concentration
units.
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We still do not have the shapes of the first absorber's
static spectrum and the second absorber's (NDMA) concen-
tration profile. We note, however, from Figure 4.35B
that the second absorber's (NDMA) concentration does not
significantly change during the iast 16 consecutive
spectra, whereas Figure 4.36B shows that the first ab-
sorber's concentration changes during the last 16 consecu-
tive spectra. Furthermore, an S analysis of the last 16
spectra in Subspace III gives an essentlal rank s of one,
which supports our observation that only one absorber
changes concentration in these spectra. Assuming that
the first absorber changes concentration during the last
16 spectra, we obtain its static spectral shape from the
first elgenvector of S, by the equation il = Lflg(l).

We obtain the contribution of the first absorber to all

of Subspace III by performing an M analysis fit of gflg(l)
to all 61 consecutive spectra. The results are shown in
Figure U4.37A. Note that the first absorber has its maxi-
mum absorbance at 394 nm (wavelength channel 31). Thé
concentration profile of NDMA (the second absorber) can
be computed directly from the static spectrum of the first
absorber, and is shown in Figure 4.37B. Thus, we have
used the two absorber simplifications to resolve Subspace

IITI into the static spectra and concentration profiles

displayed in Figures U4.36 and 4.37.

Subspace IV (385 nm - 584 nm) Subspace IV shares one

of 1ts two absorbers with Subspace III (see Figure 4.31).
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A. M analysis fit of the first absorber's
static spectrum, Subspace III, Experiment
1.1. X = gflg(l) from last 16 consecutive
spectra, O = calculated M analysis fit using
all 61 consecutive spectra. Vertical scale
in arbitrary absorbance units.

B. Concentration profile of NDMA in Experi-
ment 1.1. Vertical scale in arbitrary con-
centration units.
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Since we have obtained the concentration profiles of both
absorbers in III, we need to obtain from IV only the
concentration profile of the absorber it does not share
with III. Wavelength channels 44 through 47 (550 nm -

584 nm) in Experiment 1.1 show the growth and decay of
absorbance previously observed by two other groups of
investigators (Schack and Dunn (1972), and Suelter et al.
(1975)). Both groups attributed this to a transient inter-
mediate. An M analysis of wavelength channels U4-47 shows
that these channels have two linearly independent absor-
bers (m=2). However, the systematic errors are small for
reconstructing the experimental absorbance at these wave-
length channels with only one eigenvector of Mw, and thus
wavelength channels 44-47 have only a small contribution
from the second absorber. Figure 4.38 shows the solution
bands for the normalized concentration profiles of the

two absorbers in channels 44-47. The normalized concen-
tration profile of the first absorber is well defined in
Figure U4.38A, but the normalized concentration profile

of the second absorber, shown in Figure U4.38B, is poorly
defined, and contains mostly random noise. Thus, the
first absorber 1s the predominant absorber, and the second
absorber in channels 44-47 absorbs barely above the

level of the random experimental errors.
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Solution bands for normalized concentration
profiles in wavelength channels U44-47, Ex-
periment 1.1, L = _6_3L, H= _a_J'H. A. First
absorber. B. Second absorber.
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M. Principal Component Analysis, Step 7

In Step 7 we use the concentration profiles obtained
in Step 6 from Subspaces I, III, and IV of Experiment 1.1
to resolve the whole experiment. Specifically, the goal
is to estimate all five columns of the rotation matrix V
for the whole experiment. The whole experiment 1s then
resolved into the static spectra and concentration pro-
files of its five linearly independent absorbers. When
fit to the M analysis eigenvectors for theewhole experiment,
each concentration profile from Subspaces I, III, and IV
gives one column of V.

In Step 6 we resolved Subspace III to obtain the con-
centration profiles of NDMA and an intermedlate with
maximum absorbance at 394 nm. The solution bands for
the first absorber in wavelength channels L44-47 of Sub-
space IV almost define its normalized concentration
profile. We take the normalized concentration profile of
the first absorber in channels LU-U47 to be §1L in Figure
4.,38A. From subspace I we have only the extrema shown
in Figure 4.33 for the normalized concentration profilés
of its two absorbers.

Figure U4.39 shows the static spectral information
obtalned to this point in the procedure for the five
linearly independent absorbers in Experiment 1.1. The

numbering system for the five absorbers is:
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Absorber l--first absorber in Subspace I

Absorber 2--second absorber in Subspace I
Absorber 3--first absorber in Subspace III
Absorber 4--second absorber in Subspace III (NDMA)
Absorber 5--first absorber in wavelength channels

Lhh-L7

We use the known concentration profiles to estimate
directly columns of V and conslder only the extrema for
the unknown concentration profiles. Thus, we fit the
concentration profiles for Absorbers 3, 4, and 5 to the M
analysis eigenvectors for the whole experiment to esti-
mate columns 3, 4, and 5 of V. From each of the extrema
&4y, and &{y V (Figure 4.33A) for the concentration pro-
files of Absorber 1 we estimate the corresponding extrema
for column 1 of V. Similarly, the two extrema for Ab-
sorber 2, ééL and ééH (Figure 4.33B) give two extrema
for column 2 of V. We have, then, four estimates of V
corresponding to each of the four permutations of known

concentration profiles with the extrema for Absorbers 1

and 2; i.e.,
(éiLs .§2'L: §3s élp §,5), (§-'.I'.L’ §-2'H’ §3, _6_”, _(15),
(QiH’ QéH’ §3s Sy @5), and (QiH’ ééH’ §3, &y §5).

Equation (3.13) gives an estimate of the rotation matrix
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U corresponding to each estimate of V, and Equation (3.9)
gives from each estimate of U an estimated static spectra
matrix F for the whole experiment.

In summary, all four combinations of concentration
profiles give the same static spectra for Absorbers 3, 4,
and 5. Thus, our estimates for the statlic spectra and
concentration profiles of Absorbers 3, 4, and 5 are in-
sensitive to Absorbers 1 and 2 over the range of extrema
for the concentration profiles of Absorbers 1 and 2. The
combinations (EiL’ EéH’ C3s Cu» 25) and (QiH’ géH’ c3»

Cys gs) give for Absorber 1 a physically unreasonable

static spectrum that makes large contributions of negative
absorbance (-0.2 0.D.) to wavelength channels 17-24 in
Experiment 1.1. The combinations (QiL’ QéL’ €35 Ly 95)

and (EiH’ EéL’ 93, Cy> 95) give physically reasonable
results (i.e., nonnegative static spectra). The static
spectra for these two combinations are shown in Figure 4.40,
where the static spectra of Absorbers 3, U, and 5 are shown
only once since they are the same for both combinations.

Table U4.10 lists the matrices V and U for the combina-
tion (cy1, o1 c3s &ys Cg) Plus the elgenvalues used in
Equation (3.13) to calculate U from V. The jJ'th column
of V was estimated from the concentration profile for
the J'th absorber, and the jJ'th column of U corresponds
to the resultant statlic spectrum of the J'th absorber.

Table U4.11 1ists V and U for the combination (giH, EéL’



h6€C 19~ tE€c Ghe- £25°011 96£2° 64— RLTG hE-
88176°09 1eT° 085~ Lgg"T0T 1T D DAy 9159 18-
Lool* e neg°T16h LG90°26 9ht 80T OTT" 40T~ =1
92.9°9T1 chl°eoh- GT9 EET~ clg"00c L9EGL" LT
GT9°65 28L n1E TE9°SHT 88L°TLS cog-t€ee
Sw L tn 2R W
T6T0T"1- HlOﬁwammm.ﬁl Hloaxuowmm.m HlOwa:mm:.m HlOwa:mwm.m
g02gT € HIOﬁxwmmoo.ml otgnh°T 1-0T*x09009" = NIOHthmNm.w
mloaxmzmsm.ﬁl HlOﬁxHHm:o.w HlOmemowﬁ.wl G9498°T g8GLlgE G- = A
1-0T*xLGS8L"6G >-0TXTHOSGL" L= 1-0T*LLTBE " L= TEEG9°E hhlT6° L-
98GSh°HT HlOHx:MH:m.m 0£2E"GT 6509h°6 LTE2H"6
Y Iy €x [y L7y
L0Tx65€06°9 = o
LOTxBLOER"T = °m c0Tx25650°T = m
S0TXORERE " = Mo ,0Tx268L0°T = o
. Amw.:wam..@..qw.@
.q..m.wuv uotseutquo)y (9)F xtagey onTeAus3tg pue i ‘A SSOTIIBN UOTIBIOY ‘01" oIqQeL



183

(0Tt @1QBL) L HTITOH'T = (TITI ' 9TQ®BL) Hmn
"0T"f 9TGBL UT SB SWES 9Yy3 S4B SUWNTOD ISIYL,

Th66C°C-
TeTh €9~
® e e €64 HE q =1
L99°9.1
gEn°L9ge
q ra &x R I
1-0Tx9LLGH 2=
¢-0Tx95nNng" €~
® ® ® ® 2-0Tx0RERO 2= = A
2-OTXEQETT 2~
[-0T*8HL6S" T
5% L7y €z ¢x 2

‘0l PUB A S99TJI3BK

uotaeaoy 1°1 suewrasdxy (“F¢M3<3°HI5TT5) worqeurquon -TT'g eTqer



184

C3s Cys S5). Note that columns 2 through 5 of V are the
same in Tables 4.10 and 4.11 since the concentration
profiles assumed for Absorbers 2 through 5 are the same

for the two combinations. Note also that columns 3 through
5 of U are the same in Tables 4.10 and 4.11 since both
combinations of concentration profiles glve the same static
spectra for Absorbers 3, 4, and 5. Changing the concen-
tration profile of Absorber 1 from c¢.. in Table 4.10 to

-1L

¢, in Table 4.11 changes the shape of the static spectrum

—1H
of Absorber 2 (52 is different), but changes u, by only
a constant multiple factor; i.e., the shape of the static
spectrum for Absorber 1 is the same for both combilnations.
Note in Figure 4.40 that Absorber 4 has, in addition
to the 440 nm absorbance maximum of NDMA, a shoulder with
a maximum near 340 nm. Thus, as discussed in Section H,
Absorber U4 represents NDMA and NADH3u0 nm 1n Experiment
1.1. Absorber 3 has a maximum absorbance at 403 nm and
a shoulder with a maximum near 320 nm. Absorber 5 has
two absorbance maxima, one at 320 nm, and another broad
band centered near 550 nm.
Figure U4.41 shows the concentration profiles for the
combinations (ci;, cJrs C3s C4» C5) and (egs» Sors e3s
Cys 95). (Note that the time scale is linear with time.)
Figure U4.42 shows the early time portion of these concen-
tration profiles. Note that Absorber 4 (NDMA) rapidly

decays to zero concentration and that during the same time

Absorber 3 undergoes an initial burst to its maximum



Figure 4.40.
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Static spectra of Absorbers 1-5 in Experi-
ment 1.1, E7.39N15_0813.u, (N) with (E+S),
scaled to maximum absorbance in the experi-
ment.

A. Absorbers 1 and 2 from &, §éL‘

B. Absorbers 1 and 2 from £i,, ééL’

C. Absorbers 3, 4, and 5.
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Concentration profiles of Absorbers 1-5

in Experiment 1.1, (N)

E7.39N15.Osl3.'4’

with (E+S), full time course.
] an
A. Absorbers 1 and‘2, Sine Sope
At At
B. Absorbers 1 and 2, Sig» Si-
C. Absorbers 3, 4, and 5.
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Figure 4.42., Concentration profiles of Absorbers 1-5
in Experiment 1.1, E7.39N15‘0813.u, (N)
with (E+S), early time course.

A A'
A. Absorbers 1 and 2, Sir> S3r-
A' A
B. Absorbers 1 and 2, SiHs Sor°
C. Absorbers 3, U4, and 5.
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concentration, from which 1t slowly decays to zero con-
centration. Absorber 5 1s an intermediate with a fast
growth corresponding to the rapid decay of NDMA, followed
by a slower growth to 1ts maximum concentration, from
which it decays to zero concentration.

Thus, despite incomplete information about Absorbers
1 and 2, we have obtalned the statlic spectra and concen-
tration profiles of Absorbers 3, U, and 5 across the entire
spectral range of Experiment 1l.1. Since Experiments 2.1,
3.1, and 4.1 are likely to have some absorbers in common
with Experiment 1.1, we now resolve these Experiments
using the static spectral information from Experiment

1.1.

N. Resolution of Experiments 2.1, 3.1, and 4.1

In thils section we use the static spectra obtained
for Absorbers 1 through 5 in Experiment 1.1 (Figure U4.40)
to resolve Experiments 2.1, 3.1, and 4.1. Each static
spectrum from Experiment 1.1 that fits the M analysis
eigenvectors of one of these experiments may be counted

as belonging to an absorber in that experiment.

Experiment 2.1. Figure 4.43 shows the M analysis

fits of the static spectra of Absorbers 3, U4, and 5
obtained from the analysis of Experiment 1.1. The two

combinations of static spectra for Absorbers 1 and 2 from
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M analysis fits of Absorbers 3, 4, and 5
to Experiment 2.1, E7 39N15 0813 ys (N+S)

with (E). Vertical scales 1n arbitrary
absorbance units.

A. Absorber 3.

B. Absorber 4.

C. Absorber 5.
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Experiment 1.1 were also fit to Experiment 2.1. We thus
have for Experiment 2.1 two estimates of the rotation
matrix U, corresponding to the two combinations of static
spectra for absorbers 1 and 2, with column 3, 4, and 5 in
both matrices the same. Both estimates of U give the same
concentration profiles for Absorbers 3, U4, and 5 when
Equation (3.13) is solved for V. Thus, the static spectra
and concentration profiles for Absorbers 3, U4, and 5 are
agaln insensitive to Absorbers 1 and 2.

Figure 4.44 shows the concentration profiles of Ab-
sorbers 3, 4, and 5 in Experiment 2.1. Note that the con-
centration profiles for,these absorbers are nearly identi-
cal in Experiments 1.1 and 2.1. Recall that Experiments
1.1 and 2.1 have the same initial concentrations, but
different premixing orders of substrates and enzyme (Table
4,1). Thus we conclude that in these experiments LADH
and NDMA do not reach without NADH 1n a way that measur-

ably alters the course of the reaction after NADH 1s added.

Experiment 3.1. Figure 4.45 shows the M analysis fits

of the static spectra of Absorbers 3, 4, and 5, obtained
from the analysis of Experiment 1.1. The concentration

profiles obtained for Absorbers 3, 4, and 5 are shown in
Figure L4.46. The decay of Absorber 4 (NDMA + NADH3u0 nm)
occurs more rapidly in Experiment 3.1 than in Experiments
1.1 and 2.1, which have lower initial concentration of

LADH than Experiment 3.1. Otherwise, the concentration
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Figure 4.45, M analysis fits of Absorbers 3, U4, and 5
to Experiment 3.1, E18.6N15.Osl3.u’ (N+S)
with (E). Vertical scales in arbitrary
absorbance units.

A. Absorber 3.
B. Absorber 4.
C. Absorber 5.
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profiles are qualitatively similar in these three experi-

ments.

Experiment 4.1. In this case there are six linearly

independent absorbers. We assume that Absorbers, 1, 2, 3,
and 5 are the same as in Experiments 1.1, 2.1, and 3.1.
Figure 4.U7 shows the M analysis fits of Absorbers 3 and 5
to Experiment 4.1. For Absorber 4, we use the measured
static spectrum of NDMA, which fit the M analysis elgen-
vectors for Experiment 4.1 without giving a shoulder at
340 nm (Figure 4.21). For Absorber 6, we use the 340 nm
absorbance band of NADH, which fit as one of the six
linearly independent absorbers (Figure 4.28).

Figure 4.48 shows the concentration profiles for
Absorbers 3, 4, 5, and 6 in Experiment 4.1. The NDMA
concentration profile is a biphasic decay. NADH3M0 nm
exhibits a rapid decay to zero concentration that cor-
responds to the rapid portion of the biphasic NDMA decay
Moreover, the concentration profile of NADH3u0 nm is
qualitatively similar to the concentration profiles of

(NDMA + NADH ) in Experiments 1.1, 2.1, and 3.1.

340 nm
Experiment 4.1 is the only experiment that has a higher
initial concentration of NDMA than of NADH. The presence
of excess NDMA apparently decouples the concentration
profiles of NDMA and NADH3,40 nm 1n Experiment 4,1. The
concentration of Absorber 3 grows biphasically with both

parts correlated to the fast and slow portions of the
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M analysls fits of Absorbers 3 and 5 to
Experiment U4.1. Vertical scales in arbitrary
absorbance units.

A. Absorber 3.

B. Absorber 5.
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Figure 4.48. Concentration profiles of Absorbers 3, 4, 5
and 6 in Experiment 4.1, E7.39N6.0313.h'
A. Full time course. B. Early time course
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NDMA biphasic decay. The concentration of Absorber 3 then
very slowly decreases after reaching its maximum concen-
tration. As in Experiments 1.1, 2.1, and 3.1, Absorber 5
has a biphasic growth followed by a slow decay in Experi-
ment U4.1.

Table 4.12 summarizes the absorbance changes of
Absorbers 3, U4, 5, and (Experiment 4.1) 6 in Experiments
1.1, 2.1, 3.1, and 4.1 at their wavelengths of maximum

absorbance.

0. Scanning Experiments from 250 nm to 300 nm

Principal component analysis of Experiments 1.1 - 4.1
gives incomplete information about absorbers in the wave-
length range 275 nm - 300 nm. The static spectrum of
LADH and the 260 nm absorbance band of NADH-NADY does not
fit as belonging to absorbers in these experiments even
though the 1initial concentrations of LADH and NADH were
sufficiently large to contribute to absorbances measured
in the 275 nm - 300 nm range. Principal component analysis
reveals that Experiments 1.1 - 4.1 have two absorbers,
Absorbers 1 and 2, in the range 275 nm - 300 nm (Subspace
I). According to the solution bands for thelr normaliied
static spectra (Figure 4.32), the absorbance maxima of
Absorbers 1 and 2 may occur below 275 nm, which 1s out of
the range of the scan. Moreover, the 275 nm - 300 nm

range includes only the high wavelength wings of the LADH
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and 260 nm NADH-NAD' absorbance spectra.

In order to characterize Absorbers 1 and 2 in Experi-
ments 1.1 - 4.1 and to determine the spectral contribu-
tions of LADH and the 260 nm band of NADH-NAD', we per-
formed a scanning experiment with a scan range of 250 nm
- 300 nm. This range includes the low as well as the high
wavelength wings of the LADH and 260 nm NADH-NADY absor-
bance spectra. The initlal concentrations were E18.0N15.O
Sl3.M’ and the mixing order was (N+S) vs (E), these were
also the initial conditions of Experiment 2.1. The abso-
lute absorbance surface for Experiment 5.1 is shown in
Figure 4.49. It contains 28 wavelength channels and 64
consecutive spectra. Weighted M and S analyses of the
whole experiment five an (m,s) pair of (3,2). Thus,
Experiment 5.1 has three linearly independent absorbers,
of which at least two change concentration.

Figures 4.50 and 4.51 show the M analysis fits of the
measured static spectra of, respectively, LADH and NADH
(which represents the 260 nm band of NADH—NAD+). The LADH
static spectrum fits well except near the absorbance maxi-
mum, which is shifted to a lower wavelength in the cal-
culated spectrum than occurs in the measured spectrum.

A possible interpretation 1s that LADH 1s an absorber
whose absorbance spectrum during the reaction 1s
shifted to lower wavelengths (blue-shifted) by 1its
interaction with the substrates and products. The mea-

sured static spectrum of NADH fits well, except for some
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300 nm 250 nm
A

Figure 4.49. Experimental absolute absorbance surface A,
Experiment 5.1, E18.6"15.0513.k’ (N+S) with
(E), wavelength range 250 hm - 300 nm, Rear

view.
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small systematic error in the high wavelength wing near
300 nm. We conclude that the 260 nm absorbance band of
NADH—NAD+ 1s one of the three linearly independent ab-
sorbers in Experiment 5.1.

The third absorber in Experiment 1.1 must be either
a transient l1ntermediate or a product for which we have
no measured statlc spectrum. To resolve the whole experi-
ment, we examine two wavelength subspaces; I (250 nm -
273 nm, channels 1-16), and II (275 nm - 300 nm, channels
17-28). The (m,s) pairs for Subspaces I and II are (3,2),
and (2,1) respectively. Since LADH and NADH absorb across
the entire spectral range 250 nm - 300 nm, we conclude
that the third absorber absorbs only in Subspace I, and
that only LADH and NADH-NAD+ absorb in Subspace II. More-
over, since Subspace II in Experiment 5.1 covers the same
wavelength range as Subspace I of Experiments 1.1 - 4.1,
we conclude that Absorbers 1 and 2 in the latter experiments
are blue-shifted LADH and the 260 nm NADH-NADY band.
The measured static spectrum of LADH does not fit Experi-
ments 1.1 - 4.1 because LADH is blue-shifted in the re-
action. The range 275 nm - 584 nm range of Experiments
1.1 - 4.1 includes only the tail of the 260 nm band of
NADH-NAD+, which is apparently why these experiments
did not contain sufficient information to distinguish
NADH-NAD® as an absorber.

We resolve Subspace II of Experiment 5.1 by using the
static spectra of LADH and NADH-NADY. By fitting to



212

Subspace II the static spectra of LADH and NADH-—NAD+
that were obtained for the whole experiment, we obtain the
(2x2) matrix U for Subspace II. From U we obtain V
using Equation (3.13). The resultant concentration
profliles of LADH and NADH—NAD+ calculated from Subspace
ITI are shown in Figures 4.52A and 4.52B. Note that the
rates of LADH and NADH-—NAD+ are linearly dependent (s=1
in Subspace II); i.e., as the 260 nm bnad of NADH-NAD+
grows, LADH decays.

We use the three absorber simplifications of Chapter
3, Section E to obtain the contribution of the third
absorber in Experiment 5.1. Let Absorbers 1, 2, and 3 in
Experiment 5.1 be, respectively, LADH, NADH-NAD+, and the
as yet unknown absorber. We first fit the concentration
profiles of LADH and NADH-NAD+ that we obtained from Sub-
space II to the M analysis elgenvectors for the whole
experiment. This gives the two columns of V in the whole
experiment that correspond to LADH and NADH-NAD+; i.e., v

1
and ¥,. Equation (3.27) then gives for Us

where g(3), vy, and Vv, are known, and where 1/det(V)

is arbitrarily set to unity. The static spectrum of Ab-

sorber 3 1s then given by the equation

P -1
£3 = (L "2(3ylus,
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Concentration profiles from wavelength chan-
nels 17-28 of Experiment 5.1. A. "LADH".
B. 260 nm band of NADH-NAD*. Vertical
scales 1in arbitrary absorbance units.
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and is shown in Figure 4.53A.

We obtained the first two columns of U for the whole
experiment when the measured static spectra of LADH and
NADH-NAD+ were fitted to the M analysis elgenvectors
for the whole experiment. With the third column 23 ob-
tained above for Absorber 3, U for the whole experiment
i1s complete. Therefore, the concentration profiles of all
three absorbers are obtained by calculating V from U
using Equation (3.13). The resultant concentration
profiles of Absorbers 1 and 2 (LADH and NADH-NAD+) are the
same as already shown in Figures U4.52A and 4.52B. The con-
centration profile of Absorber 3 is shown in Figure 4.53B
The third absorber has its maximum absorbance near channel
1 (250 nm), and its concentration decays after remaining
nearly constant for the first 30 consecutive spectra (3
sec).

In summary, Experiment 5.1 has three linearly indepen-
dent absorbers. The static spectra and concentrations of
blue-shifted LADH are shown in Figures U4.50 and 4.52A,
respectively. The results for the 260 nm band of NADH-
NADY are shown in Figures U4.51 and 4.52B and the results
for the third, unidentified absorbers are shown in Figures
4.53A and 4.53B. Table 4.13 summarizes the absorbance

changes of Absorbers 1, 2, and 3 in Experiment 5.1.
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P. Discussion

l. Summary of Results

Independently of any mechanistic hypotheses and of
any assumptions about spectral shapes, weighted principal
component analysis reveals that in the range 275 nm -

584 nm Experiments 1.3 - 3.1 have five linearly independent
absorbers, of which four have linearly independent rates,
while Experiment 4.1 in the same wavelength range has six
linearly independent absorbers, of which five have linearly
independent rates. Application of the seven-step strategy
of Chapter 3 gives solution bands for the normalized static
spectra and concentration profiles of Absorbers 1 and 2

in Experiment 1.1 (Figures 4.32 and 4.33), and gives the
statlc spectra and concentration profiles of Absorbers

3, 4, and 5 in Experiments 1,1, 2.1, and 3.1 (Figures 4.40-
L.,4l4, and 4.46) and of Absorbers 3, 4, 5, and 6 in Experi-
ment 4.1 (Figures 4.22, 4.28, 4.U47, and 4.48). In this sub-
section we summarize the spectral and kinetic characteris-
tics of these absorbers, and we suggest chemical identities
for some of them.

In Experiments 1.1, 2.1, and 3.1, where the initilal
concentrations of NDMA (13.4 uM) and NADH (15.0 uM) are
almost equal, the 440 nm band of NDMA and the 340 nm band
of NADH are lumped together as one absorber, Absorber Ui.

This 1s because the concentrations of NDMAMO nm and



218

NADH are linearly dependent on each other in Experi-

340 nm
ments 1.1, 2.1, and 3.1. NDMAM0 nm and NADH3uO nm rapidly
decay together to near zero concentration in these experi-
ments.

In contrast, NDMAMHO am and NADH3uO nm make separate
contributions to Experiment 4.1 as Absorber 4 and Absorber
6, respectively. In Experiment 4.1, where the initial
concentration of NDMA (13.4 uM) is greater than the initial
concentration of NADH (6.0 uM), NADH3MO nm Still decays
rapidly to zero as it d4id in Experiments 1.1 - 3.1, but
NDMAMMO nm decays biphasically. The total decay of NADH3M0
nm 1s complete by the end of the rapid first portion of the
biphasic NDMAqu nm decay. This suggests that the rapid
portion of the NDMAM0 nm decay and the entire rapid decay
of NADH3u0 nm in Experiment 4.1 correspond to the same
fast process as the concomitant decays of NDMAMMO nm and
NADH3u0 nm 1n Experiments 1.1 - 3.1. The slow portion of
the biphasic NDMA,, . nm decay in Experiment 4.1 1s then
a step that occurs after NADH3u0 nm has decayed to zero
concentration.

Absorber 3 has the same static spectrum in Experi-
ments 1.1 - 4,1, It is the combination of a band with a
peak at 403 nm and a shoulder near 320 nm. Note that the
403 nm band of Absorber 3 has a shape similar to the U4l0
nm band of NDMA (Figure 4.40). Note also that in Experi-
ments 1.1 - 4.1 the growth portion of the growth and decay

of Absorber 3 mirrors the decay of NDMAM&O nm* These
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observations suggest that Absorber 3 may be an intermediate
form of NDMA that 1is formed upon the disappearance of
NDMAM0 nm* There is a striking difference between the
behavior of Absorber 3 in Experiments 1.1 - 3.1 and in
Experiment 4.1. In Experiments 1.1 - 3.1, Absorber 3
grows rapidly as NDMAMMO nm and NADH3M0 nm decay to zero,
and then Absorber 3 slowly decays to zero. In Experiment
4,1, Absorber 3 grows rapidly during the fast NADH3M0 nm
decay and the rapid portion of the biphasic NDMARMO am
decay, but then, instead of slowly decaying as 1n Experil-
ments 1.1 - 3.1, Absorber 3 continues a slow growth cor-
responding to the slow portion of the NDMAHHO nm decay.

Absorber 5, which has the same static spectrum in
Experiments 1.1 - 4.1, 1s a combination of a 320 nm band
and a 550 nm band. Absorber 5 accounts for most of the
absorbance changes at 540 nm, and can thus be identified
as the intermediate hypothesized by Schack and Dunn (1972)
and Suelter, et al. (1975) to account for the growth and
decay of absorbance at 540 nm. Principal component
analysis gives the new information that the 540 nm inter-
mediate also has a band at 320 nm. In Experiments 1.1 -
3.1, Absorber 5 1s still growing when Absorber 3 has begun
to decay. The growth of Absorber 5 1s biphasic in Experi-
ments 1.1 - 4.1.

Principal component analysis of Experiment 5.1, in
the range 250 nm - 300 nm, suggests that Absorbers 1 and 2

in Experiments 1.1 - 4.1 are, respectively, the 260 nm
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band of NAD+-NADH and the static spectrum of LADH, blue-
shifted from 280 nm to 275 nm. The rates of Absorbers 1
and 2 are linearly dependent in all the scanning experi-
ments; 1.e., as the 260 nm band of NAD*-NADH grows, (as
NADH 1s oxidized to NADY) the shifted LADH spectrum decays.
The total absorbance change of Absorber 2 at 275 nm is
0.678 0.D. in Experiment 5.1. Fisher, Adija and Cross
(1969) report small peaks (0.01 0.D.) at 275 nm - 295 nm
in difference spectra measured for the binding of NADH to
LADH. They attribute these changes to blue or red shifts
of tyrosyl and tryptophanyl residues in LADH. The large
absorbance change (0.670 0.D.) that we observe for Absorber
2 in Experiment 5.1 would seem to require a direct inter-
action such as a charge transfer complex formation between
the enzyme chromophores and substrate or products, if we
attribute all of the absorbance of Absorber 2 to enzyme
chromophores.

There 1s an alternative explanation for Absorber 2.
Absorber 2 may represent the chromophores on LADH plus
a chromophore of a substrate or product intermediate
whose spectral shape 1s coincidentally so similar to the
spectral shape of the LADH chromophores that the LADH
chromophores and the intermediate chromophore are lumped
as one linearly independent absorber in the experiment.
Since we cannot refute this possibility on the basis of
the experiments reported here, further experiments are

needed to determine the chemical identity of Absorber 2.
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Principal component analysis of Experiment 5.1 also
reveals an absorber with an absorbance maximum between
250 nm and 255 nm (Figures 4.54 and 4.55). Dunn and
Bernhard (1971) proposed that the product P of Reaction
II [see Section A] has an absorbance peak at 255 nm.
However, the 255 nm absorber in Experiment 5.1 decays
rather than grows, so that if it 1s the product proposed
by Dunn and Bernhard (1971), it is only an intermediate
product. Further scanning experiments in the 250 nm -
300 nm range are needed to charactize the 255 nm absorber.
Table 4.14 1ists the absorbers found in the range 250 nm
- 584 nm. There are in all seven absorbers, of which three
(2, 3, and 5) are transient intermediates in the sense
that their concentrations grow and then decay. Table 4.14
also 1ists the figures in Chapter 4 that give final results
for the static spectra and concentration profiles of these

absorbers.

2. The "Half-of-the-Sites-Reactivity Mechanism"

The testing of Dunn and Bernhard's half-of-the-sites-
reactivity mechanism (Mechanism III in Section A) is not
the primary goal of this study. However, the resolved
static spectra and concentration profileg from Experiments
1.1 - 4.1 provide new information concerning this mechan-
ism.

For the conditions E < S < N, III predicts biphasic

decay of Suuo, with the fast portion using an amount of
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Table 4.14., List of Absorbers in the LADH-NDMA-NADH
Reactilon.
Absorber Absorbance Figures Glving
Number Maxima. Final Results
+
1 (NAD -NADH)26O am 4,51, 4.52B
2 275 nm 4. 50, 4.52A
3 403 nm h,40, 4.b41, b4.42
] (NADHau0 nm + NDMAMNO nm) by, 4,46, 4.48
in Experiments 1.1 - 3.1
NDMAMO nm in Exp. 4.1
5 320 nm
550 nm
6 NADHg) o .o in Exp. 4.1 4,28, 4.48
7 255 nm 4,53
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S equal to the enzyme site concentration E, and with the
slow portion using the remainder of SMMO' Dunn and Bern-

hard (1971) observed biphasic decay of total absorbance

at 440 nm for the initial concentrations E1.06N15.OSS.O’
Attributing all the measured absorbance at 440 nm to Syug»
they obtained results in agreement with III. In our Ex-
periments 1.1 and 2.1, with initial concentrations

E7 39N15 0813 ys we observe that, indeed, total absor-

bance vs time 1s a biphasic decay L00 nm to 450 nm (chan-
nels 31-36). However, principal component analysis re-
veals that there are two linearly 1ndependent absorbers
contributing to the total absorbance at these channels.

The resolved concentration profile of SHNO in Experiments

1.1 and 2.1 1s a single fast decay concomlitant with the

decay of N The single rast decay SMM0N3MO in Experi-

340°
ments 1.1 and 2.1 is incompatible with the half-of-the-
sites reactivity mechanism.

In Experiment 3.1, with initial concentrations
E18.6N15.Osl3.u’ principal component analysis gives a
slngle fast decay of Suuo and N3u0. Dunn and Bernhard
(1971) assumed in Mechanism III that S 1s labile and is
therefore free to find an E that 1s not inhlbited by X.
With this assumption, Mechanism III predicts for the condl-
tions S < N < E, a single fast decay of SUMO' Thus, Experi-
ment 3.1 is compatible with Mechanism III. However, the
single fast decay of Suuo and N3H0 in Experiment 3.1 does

not require that the sites of E interact with each other
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and should therefore be compatible with many mechanisms
that do not assume interaction between the sites.

For Experiment 4.1, with initial concentrations
E7.39N6_0813.u, principal component analysis glves a bl-
phasic decay of Suuo and a single decay to zero of N3u0.
IIT predicts a biphaslc decay of SM&O when S > E > N, so
that Experiment 4.1 and III qualitatively agree. However,
IIT predicts that the fast and slow portions of the bi-
phasic Suuo decay each uses an amount of S equal to
1/2(S-N), so that the total S),, decay is (S-N). In Ex-
periment 4.1 the resolved Syyo decay uses a total amount
of S n 12.9 uyM, which is almost the entire initial concen-
tration S, and which 1s significantly greater than (S-N)
= 7.4 yM, the prediction of III. Thus, although the SMMO
biphasic decay qualitatively agrees with III, the quanti-
tative results are incompatible with III.

The significant conclusion from these results is that
the qualitative observation of biphasic decay at 440 nm
does not necessarily indicate biphasic decay of SUHO
since SMMO is only one of two lilnearly independent ab-
sorbers at U440 nm. Our results are incompatible with
the half-of-the-sites-reactivity mechanism of Dunn and
Bernhard (1971). It is possible, of course, that our
chemical system does not replicate the chemlical system of
Dunn and Bernhard (1971), so that in comparing our results
to theirs, we are comparing observations on two different

reaction systems. A closer examination of the half-of-the-
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sites reactivity 1ssue requires that the experiments of
Dunn and Bernhard (1971) be repeated with principal com-
ponent analyslis of rapid scanning measurements covering

at least the range 400 nm - U450 nm.

3. Speculation

The goal of this study has been to map out the static
spectra and concentration profiles of the absorbing sub-
strates, products, and translent intermediates without
first invoking assumptions about the mechanism. Principal
component analysls provides a mechanism-independent means
of extracting the spectral and kinetic information from
the experiments themselves. Having obtained the static
spectra and concentration profiles independently of
mechanistic hypotheses, the next step 1s to propose plaus-
ible mechanisms for the concentration profiles. In this
subsection, as 1ts title implies, we make no pretense of
proposing a full kinetic mechanism for the LADH-NDMA-NADH
reaction. Rather, we interpret our results and speculate
on possible schemes (;;g;, orders of events in the reaction)
that might be used as starting points for developing and
testing mechanisms in an extended study of this complex
reaction.

We attempt to account for the behavior of Absorbers
3,4, 5, and 6 only since we have the static spectra and
concentration profiles of these absorbers under four sets

of initial conditions. We have the concentration profiles
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of Absorbers 1, 2, and 7 only for Experiment 5.1, and we
therefore do not attempt to account explicitly for these
absorbers.

In Experiment U4.1 the concentration of NDMA) 1o nm
decays overall by 12.9 uM, which 1s significantly greater
than 6.0 yM, the amount of NADH3uo nm avallable initially
to reduce NDMA on the assumption of a 1:1 stoichiometry
between NDMA and NADH. Dunn and Bernhard (1971) report
1:1 stoichiometry of NDMA and NADH under steady state
conditions and under translent phase conditions. However,
in thelr transient phase stopped flow experiments, as we
have already noted, they assumed that all absorbance at
LLO nm was attributable to NDMA, 15 pnm+ They thus seem to
have underestimated the extent of disappearance of NDMAMO am*

The apparent violation of 1l:1 stolchiometry in Experi-
ment 4.1 leads us to examine the possibility that ethanol
not removed from LADH during dialysis recycles NAD+ to
NADH, which then reduces the excess NDMA. However, this
seems unlikely for two reasons: (i) The initial concentra-
tion of ethanol in Experiment 4.1 would have to be at least
6.9 uM in order to account for the excess NDMAMNO am
decay. If we assume that 1 ml of 10% ethanol was carried
over with the LADH precipitate into the first dialysis of
LADH, that each of the 2000 ml dialysis steps reached
equilibration with respect to ethanol, and that ethanol
is not held in a tight complex with LADH, the initial

concentration of ethanol in Experiment 4.1 would be of
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the order 10’3 M, which 1s far too small to account for
the excess NDMA),, . decay. (i1) The excess NDMAy o nm
decay in Experiment 4.1 results in more growth of Absorber
3. After the NDMAMHO nm decay is finished, the concentra-
tion of Absorber 3 remains nearly constant. If recycled
NADH were responsible for the excess NDMA,,, . decay, we
would expect Absorber 3 to decay after the NDMAuqo nm
decay 1s finished, as 1t does in Experiments 1.1 - 3.1.
Thus, ethanol recycling NADY to NADH does not explain the
qualitative observation that Absorber 3 appears to be a
dead end intermediate in Experiment 4.1, but not in Ex-
periments 1.1 - 3.1.

A scheme that explains Experiments 1.1 - 5.1 should

account for the following qualitative observations:

(1) When [NDMA]O > [NADH]O, NDMAHMO nm and NADH3MO nm

decay rapidly until all NADH has disappeared.

340 nm
(2) When NDMA} 40 nm 1s initlally in excess of NADH340 nm»

the excess NDMAMUO am decays vlia a slow process.
(3) The growth of Absorber 3 mirrors the decay of
NDMAM0 nm* When NDMAM0 nm is not initially in excess

of NADH Absorber 3 decays slowly following an

340 nm?

initial rapid growth. When NDMABH is initilally in

0 nm
excess of NADH3u0 nm? Absorber 3 continues to grow as the

excess NDMAMo nm slowly decays. Then Absorber 3 remains
at a nearly constant concentration after the excess

NDMAMl decay 1s finished.

0 nm
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(4) Absorber 5 has a rapid biphasic growth followed
by a slow decay in Experiments 1.1 - 4.1. In Experiments
1.1 - 3.1, Absorber 5 is still growling after Absorber 3
begins 1ts decay. In Experiments 1.1 and 2.1 Absorber 3
1s still decaying after Absorber 5 has finished decaying.
The qualitative shape of Absorber five's concentration

profile is not changed by having excess NDMAMH over

0 nm

NADH initially.

340 nm

(5) NDMAy,, - and NADH both decay rapidly,

340 nm
even when both are initially in two-fold excess concen-
tration of the total concentration of active enzyme sites
(Experiments 1.1 and 2.1). Thus, the first and second
turnovers of the enzyme sites are both rapid.

(6) In Experiment 5.1 (E18.6N15.Osl3.h) the growth
of the NAD+-NADH 260 nm band on forming NAD+ is not com-
plete until near the end of the experiment (35 sec), long

after the 1nitial decay of NDMA and NADH

440 nm 340 nm °°

zero concentration.

If Absorber 3 (403 nm) is enzyme-bound NDMA, shifted
from 440 nm to 403 nm, the NDMA must bind only to a form
of the enzyme that is induced by NADH or NAD+, since pre-
mixing NDMA with the enzyme does not change the course
of the reaction over premixing NDMA with NADH (Experiments
1.1 and 2.1).

The intermediates, Absorbers 3 and 5, decay slowly
in Experiment 1.1 and 2.1, where two turnovers of NDMAHHO nm

and NADH3MO nm are fast. This suggests that when Absorbers
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3 and 5 decay either, (1) they are not enzyme bound, (ii)
they are bound to an enzyme site other than an active
site, or (1i1) they are bound to one active site of each
dimer, making that site inactlive, but leaving the other
site active.

We attempt to account for the qualitative observations
above with the scheme shown in Figure 4.54. Of course,
many other schemes could be proposed to account for these
observations, and further experiments are required to
test possible schemes and discriminate between them. In
the scheme in Figure 4.54, we represent NADH3u0 nm &8
N3M0’ NDMAy o m @8 Syygs and LADH as E or E' (two confor-
mations) X, Y, and Z are intermediates. The subscript
403, 320 indicates a chromophore with the spectrum of
Absorber 3, and 550, 320 represents a chromophore with
the spectrum of Absorber 5. The formation of NAD;GO is
assumed to give the growth of absorbance in the 260 nm
band of NAD'-NADH.

We assume that all enzyme starts as the E conformation,
with no E' conformation initially. N3h0 and Suuo bind to
E to give EN3MOSMHO’ which rapidly reacts to form
E'x403,320' Thus, during its rapid growth, Absorber
3 1s enzyme bound. Xh03,320 rapidly dissoclates from
its enzyme complex, thus freeing the active enzyme site
for a second rapid turnover of Nguosuuo to X403’320.
Xuo3’320 can then react further via either of two pro-

cesses. In the first process, Xu03 320 rapidly develops
3
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the 550, 320 chromophore (Absorber 5). Then, in a slower
step, ngg:ggg loses the 403, 320 chromophore to gilve
x2505320 " ang finally, x°°°:320 j10ges 1ts 550, 320 chromo-
phore to produce NAD;60 and product P. In the second
parallel process, Xh03,320 can react to form NAD;60 and
P by first forming the intermediate YHO3,320' Thus, 1in
thils second process the 550, 320 chromophore never develops.
These two parallel paths for the further reaction of
Xu03’320 are an attempt to account for the observation
that in Experiments 1.1 and 2.1 Absorber 3 i1s still decay-
ing after Absorber 5 has finished decaying.
On the first turnover E 1s converted to a different
conformation E'. E' has the same catalytic activity as
E, but E' has in addition the ability to slowly bind SMO
without any coenzyme present to form a dead end complex
E'Zu03’320. Thus, when SMHO 1s initially in excess of
N3u0’ the slow growth of E'Z"03,320 accounts for the
slow growth of Absorber 3 durlng the slow portion of the
biphasic Syyg decay. Note that in this scheme the ap-
pearance of the 403, 320 chromophore requires the disap-
pearance of SHMO’ either to form E'Xu03,320 or E'Zu03’320.
More experiments with greater than.two turnovers of
the enzyme sites are needed to determine whether or not
Absorber 3 and 5 are énzyme bound. Also needed are experi-
ments to determine if NAD+, NDMA, and LADH form a complex,
and if this complex 1s Absorber 3 or Absorber 5. Of course,

each additional experiment should be resolved by principal
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component analysis. New absorbers inay appear in the addi-
tional experiments, and specles that were lumped by Experi-
ments 1.1 - 4.1 as one absorber may be separated in the
additional experiments. Once a given absorber has been

shown by principal component analysls to appear in the
additional experiments as well as the experiments reported
here, the concentration-profiles of that absorber in both
sets of experiments can be compared to obtaln new mechanistic

information.
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CHAPTER 5

FULL TIME COURSE ANALYSIS OF THE REVERSIBLE

MICHAELIS-MENTEN MECHANISM

A. Introduction

The reversible, simple Michaelis-Menten mechanism is

E + S 5% C 5? E+P (1)
k-1 k-2

where E 1s enzyme, S 1s substrate, P 1s product, and C is
the intermediate enzyme-substrate complex. The rate ex-
pressions for Mechanism (I) are coupled nonlinear dif-
ferential equations that have so far eluded closed-form
integration. To circumvent this mathematical difficulty,
most enzyme kinetics studlies treat only "initial velocity"
data, using the familiar but approximate Michaelis-Menten

equation (Michaelis and Menten 1913)

‘me = vmax/{1+(xm/[sjo)}, (5.1)

where [S]O 1s the initial substrate molarity, v . is the
initial velocity of disappearance of substrate or of appear-

ance of product, and

Viax = Ko[Ely, (5.2)

233
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K. = (k_1+k2)/kl, (5.3)

where [E]O is the 1nitial enzyme molarity.

Numerous more accurate but sti1ll approximate solutions
have been proposed for Mechanism (I) and other closely
related mechanisms. These include explicit algebraic
(Morales and Goldman, 1955; Miller and Alberty, 1958;

Wong, 1965; Hommes, 1962; Darvey, Proklovnik, and Williams,
1966; Maguire, Hijazi, and Laidler, 1974; Walter, 197L;
Rubinow and Lebowitz, 1970; Heineken, Tsuchiya and Aris,
1967) as well as purely numerical solutions (Walter and
Morales, 1964; Hommes, 1962; Hemker, 1972; Curtis and
Chance, 1972). The numerical solutions have employed

analog computers (Walter and Morales, 1964; Hommes, 1962)

or special programs to integrate "stiff" differential
equations on digital computers (Hemker, 1972; Curtls and
Chance, 1972). Some of the algebraic solutions are restrict-
ed to the period before C has reached its steady-state

level (Morales and Goldman, 1955; Darvey, Prokhovnik, and
Williams, 1966; Maguire, Hijazi, and Laidler, 1974). Full
time course algebralc solutions covering the pre-steady-
state and steady-state perlods have been obtained by pertur-
bation methods (Miller and Alberty, 1956; Rubinow and Lebo-
witz, 1970; Heineken, Tsuchiya and Aris, 1967). Miller

and Alberty (1958) used a perturbation about (k-2‘k1) = 0

to obtain a solution to Mechanism (I). Their solution 1is

not general, however, since (k_2—k1) is not necessarily
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small. Heineken, Tsuchiya and Aris (1967) obtained a
solution to Mechanism (I) when k_, = 0 by expanding about
([E]O/[SJO) = 0 in a singular perturbation scheme. Since
([E]O/[SJO) << 1 1s a good approximation for the steady-
state in most cases, thelr first ovder solution is quite
useful. Rubinow and Lebowitz (1970) obtained only the
zeroth order singular perturbation solution for a simple,
irreversible, two substrate mechanism.

None of the works mentioned has 1ncluded an examina-
tion of the accuracy of the Michaelis-Menten equation for
the initial velocities determined and defined experi-
mentally. In this chapter, after a thorough treatment of
the steady-state rate expressions for the reversible,
simple, Michaelis-Menten mechanism, we integrate the full-
time-course rate expressions through first order in the
singular perturbation scheme of Heineken, Tsuchiya and
Aris (1967). We then use the results: (1) to examine the
range of valldity of initial product and substrate veloci-
ties predicted by Equation (5.1); (ii) to include explicitly
the data obtained at the very beginning of the experiment;
and (111) to discuss optimal data collection and analysis
in full-time-course experiments.

The chief purpose of this chapter 1s an analysis of
the range of validity of Equation (5.1). To this end, we
derive a more general result than Equation (5.1) and examine
the circumstances in which the more general result reduces

to Equation (5.1). In the usual experiment, unreacted
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substrate, and the concentration of either substrate or

product is monitored with time. The mass balances are

[E], = [E] + [C], (8], = [S] + [P] + [C] (5.4)

and the rate expressions for (I) are
[S] = -k [SI([E]y - [C]) + k_y [CT, (5.5)
[C] = k [SI([E], - [C]) + k_p ([E], - [CDI([S], - [S] - [C])
- (k_q + ky)[C], (5.6)
[P] = k, [C] - k_p ([E]y - [CDI([ST, - [S] - [CD), (5.7)

where [S] = (d[S]/dt), etc.

There are two experimental definitions for both the
initilal substrate veloclty vf and the initial product velocity
vi. Although Equation (5.1) applies for both definitions,
it is derived differently in the two cases. The more
common definition, called Method 1 in the remainder of
this chapter, can be used 1f enough measurements are
avallable to construct either a substrate or a product
progress curve for small extent of reaction. The Method
1 iInitial velocity is defined as the magnitude of the

slope of a line drawn tangent to the progress curve at

time t, after a small extent of reaction, as in Figure 5.1.



e ————————

0 t

Time

Figure 5.1. Definition of vil, the Method 1 initial sub-
strate velocity.
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n

Method 1 .
initial substrate; = |[S]|t (5.8)
velocity

<
1]

p Method 1 . )
initial product; = l[P]l,C (5.9)
veloclity

Method 2 i1s less accurate, but 1t might be necessary
to use it 1f product and substrate are difficult to assay

and/or if few measurements are available. The Method 2

initial substrate and product velocitles are defined by

S

P
vy, = [P1p/t, (5.11)

where [S]t and [P]t are measured a short time t after mixing,
as in Figure 5.2.

The first two approximations in deriving Equation (5.1)
are the same for Methods 1 and 2. They are made arbitrarily
in this Section but they will be shown by the singular
perturbation scheme in Section B to depend on the smallness
of the ratio ([E]O/[SJO). First, make a steady state ap-
proximation on the complex C by setting [é] = 0 in Equation
(5.6). Then, omit all terms containing [C]2 or [C][E]0
from Equations (5.6) and (5.7). Rearrangement of the
results to leave [S] as the only independent variable

yields
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Time

Figure 5.2. Definition of via, the Method 2 initial sub-
strate velocity.
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[S] = -[P) = [E]y{k_jk_,([S]y-[51)-k k,[51}/
{k_;+k,+k [8]+k_,([8]y-[5])} (5.12)

and

[C1=(E] {k_5([81,=[S])+k  [SI}/{k_+k,+ky[SI+k_,([S1,-[ST}.
(5.13)

The further approximation [S] = [S]O converts Equation
(5.12) into Equation (5.1), in the form

S _ . - oP -y _
vyt |[s1t| = vy T [Pl = V(1 (K/IS10) (5.8
[ef. Equations (5.8) and (5.9)]; these are the Method 1
Michaelis-Menten Equations.

In order to obtain the Method 2 Michaelis-Menten Equa-

tions, integrate Equation (5.12), whence

(k_p=k; ) ([81=[51)
(k Kk +K_1K_)

+

(kytk_;) (kyk_50STp+k ko+k_qk_ 2)'

(k ko +k_;k 2)2

(k k,+k_1k_5) ([81,-[S])
kik,[S],

n 1l -

= -[E]t. (5.15)
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If we assume

([81=[81) << kyky[S1y/ (kykotk_1k_,), (5.

16)

expand the logarithmic term in a Taylor's Series, and retain

only the leading term, then Equation (5.15) becomes

(k,[87y + kptk_)([81-[S1)/k ky[8], = [El 6. (5.

By Equations (5.2), (5.3), (5.10), (5.11), (5.12), and
(5.17),

o=k = v s+ (Ky/Is1)) (5.

Vmax and Ky are determined by fitting Equation (5.1)
to a set of 1initial velocity measurements in which [S]0
varies over the approximate range 0.2KM < [s]0 < SKM‘
The roles of substrate and product can be reversed, and
an additional pair of parameters, Kﬁ and Vﬁax can be de-
termined from a simlilar series of experiments. These

parameters are related to KM and Vmax by

Viax = k_l[E]O = (k_l/k2) Viax (5.

Ky = (k_1+k5)/k_5 = (k /k_,) Ky (5.

17)

18)

2")

3')

All the approximations used in deriving the Michaelis-
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Menten equation contribute to the errors of the predicted

initial velocitles. The steady-state approximation on

the complex C causes greater errors at very small extents

of reaction since the inltial condition [C]t=0 =0 is in-

consistent with Equation (5.13), and some time is required
after mixing for [C] to approach the value given by Equa-

tion (5.13). The errors from the approximation [S] = [g]o
used in Method 1 and the similar approximation of Equation

(5.16) for Method 2 increase with extent of reaction.

B. Singular Perturbation Solution

We now integrate the differentlal rate equations to
first order in the singular perturbation scheme of Heineken,
Tsuchiya and Aris (1967). The equations are first made
dimensionless by the following definitions.

S = [S]/[S]O, c = [C]/[EJO, p = [P]/[SJO,
€ = [E]/[EJO, u = [E]o/[S]o, K = (k_1+k2)/kl[S]0,
A= k2/kl[sjo, y = k_2/k1, T = kl[EJOt (5.19)

The enzyme and substrate mass balance equations are, respec-

tively,

1l =¢+c¢c (5.20)
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l=s+p+ uc

Equations (5.20) and (5.21) reduce Equations (5.5) and (5.6)

to a palr of differential equations to be solved for two

concentration variables, s and c,

(ds/dt) = s(c-1) + (K-1l)c = F(s,c,T,u)

p(de/dt) = s(l-y)(1l-c) + v - (y+K)ec

+ pyc(c-1) = G(s,c,T,u)

with initial conditions

s(0) = 1, c(0) =0

The pair of equations in p and c¢ 1s

(dp/dt) = Xc - yp(l-c) = U(p,c,T,u)

p(dc/dr) (c-1)[1+(y-1)p] - Ke + pc(c-1)

V(p,c,T,ou)

with initial conditions

p(0) = 0, c(0) =0

(5.

(5.

(5.

(5.

(5.

(5.

22)

23)

24)

25)

26)

27)
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If an exact solution were obtainable for Equations

(5.22) and (5.23), p could be calculated from the equation

p l-s - uc (5.28)
However, u is the perturbation parameter for our approximate
solution. To maintain a well-ordered perturbation scheme
for u#0, it 1s necessary to obtain p from a separate solu-
tion to Equations (5.25) and (5.26). The solution of
Equations (5.22) and (5.23) is described here. The same
procedure is used to solve Equations (5.25) and (5.26),

and their solutions are listed in Appendix H.

The perturbation parameter 1n our singular perturba-
tion scheme is y = ([E]O/[S]o), which is usually small
compared to unity in steady~-state kinetic studies. In
the 1limit pu + 0, Equations (5.22) and (5.23) reduce to
Equations (5.29) and (5.30), which are equivalent to the

steady-state equations (5.12) and (5.13)

F(s,c,1,0) (5.29)

(ds/dt) = s(c-1) + (K-1)c

G(s,c,T,0) (5.30)

0 = s(1-y)(1=-c)+y-c( +K)

Equation (5.30) is not satisfied by the initial condi-

tions in Equation (5.24) since

G(s(0), c(0), 0, 0) =1 (5.31)
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Another pair of differential equations 1s required that
satisfies the initial conditions in the 1limit y + 0. From

Equation (5.23), in the 1limit y + 0 at t = 0, we have

lim (de/dt), _5 = lim (bl == (5.32)
u=0 U0

This suggests the definitlon of an expanded time scale
o = (t/u) to give a finite rate of complex production at

T = 0.

1 (de/d0);_g = 1 (5.33)

The differential equations 1n the ¢ time scale are
called the inner equations. They can be integrated with
the initial conditions s(0) =1, c¢(0) = 0 in the limit

u-’o.

Inner Equations

(ds/do) = uls(ec-1) + (K-1l)c] = pF(s,cyt,u) (5.34)

(de/do) = s(1-y)(1-c¢) + y-c(y+K) + pyc(e-1) = G(s,c,T,u)
(5.35)

The Tt time scale equations are called the outer equa-
tions, where the bar over the concentration variables

denotes "outer".
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Outer Equations

(ds/dt) = s(c-1 + (K-1)c = F(s,c,T,u) (5.36)

u(de/dr) = s(l-y)(1-c) + y-E(y-&-K) + uyE(E—l) = G(S,C,T,u)

Equations (5.34) through (5.37) are nonlinear, and have
no known closed form solutions. Hence, we take y = 0 as
a zeroth order approximation to obtain solvable linear
equations. An ordinary perturbation solution about

u = 0 1s obtalned for the inner and outer equations,

(1/n!)(as/au)o’cp“ = zosnu“, (5.38)
n=

7
"
ne~= 8

n=0

and likewise for ¢,s, and ¢. The initial conditions of
Equation (5.24) are applied to the inner equations without

loss of generality as
so(0) =1, s,(0) =0, n>1
cn(O) = 0, n>20 (5.39)
Initial conditions for the outer equations are derived
by requiring the inner and outer solutions to match in a

region where o 18 large and t 1s close to zero. The detalls

of the matching procedure are described in Appendix I.
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m
S(m) = nZO Sn”n (5.40)
m
Smy = L 5" (5.41)
m
- 1 ) 9 \N—
S(m) = nz_o H!I(UW +T§',F) SI(U=O,T=O) (5.“2)

the total solution to order m in the parameter y for sub-
strate over the entire time course, S(m), is defined by

Equation (5.43).

Smy = S(m) * F(m) = S(m) (5-43)
Equations (5.40) and (5.41) are the m'th order inner and
outer solutions, respectively. Equation (5.42) is the

m'th order double Taylor's Series expansion of the outer
solution about the point u=0,t=0. The role of Q(m) in
Equation (5.43) 1s to subtract E(m) from the right hand
side on the inner time scale, and to subtract S(m) on the

outer time scale. C(m)’ the total m'th order solution for

the complex, 1s defined similarly by Equation (5.44).
z +c -8 .
Cm) = Cm) * S(m) " Em) (5.4
The zeroth and first order inner and outer equations

and the total first order singular perturbation solution

are given 1n Appendix H. The matching of the inner and
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outer solutions is described in Appendix I.

C. Practical Results

In order to examline efficiently the accuracy of the
Michaelis-Menten equation for initilal velocitiles over a wide
range of conditions, we must choose a compact set of var-
iables to represent the four rate constants and two initial
concentrations. The dimensionless differential equations
(5.22) and (5.23) reduce these six quantities to the four
independent parameters u, K, A, and y. We therefore choose
the dimensionless equations for our analysis.

In the dimensionless representation, the Michaelis-
Menten equation for initial substrate and product veloci-

ties 1is

Vom = Y/ (14K) (5.45)
where upper case V's represent dimensionless initial velo-
cities in the T time scale. Since the first order singular
perturbation equations agree with numerical integration
of the differential equations for u as high as 0.2, we
use these solutions to represent the measured initial
velocities VS, V5, Vi, and V,. We define the ratios of

these "measured" velocities to those predicted by the

Michaelis-Menten equation as follows: For Method 1,
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R} = (V3/V, ) = |aS(qy/dt|_, (14K} (5.146)
R}; z (vllp/vmm) = (dP(l)/dT)T,(l*-K))‘-l (5.47)
For Method 2,
Ry = (V5/V,) = (1-5.))(1+K)r'~hA™ (5.48)
o
Ry = (Vo/V_) = P(l)r'(l+K)T'-1A-l, (5.49)

where t' 1s the time at which the initial veloclty 1is
measured. The initial velocity predicted by the Michaelis-
Menten equations 1s exactly correct only when the appro-
priate ratio defined by Equation (5.46) through (5.49)
equals 1.

We use the four independent combinations of y, K, A,
and y defined in Column 1 of Table 5.1 to examine RS, Ri,
Rg, and Rg. Column 2 of Table 5.1 lists these parameters
as functions of the rate constants and initlal concentra-
tions. In practice some of the rate constants may be un-
known. The Michaelis-Menten equation (5.1) gives only
Vmax and KM from a single 1initial velocity study. If the
reaction is irreversible (k_2 = 0), no further information
is obtainable from steady-state initial velocities. If

the reaction is reversible, we can measure the equilibrium

constant Keq = ([P]eq/[S]eq). Column 3 of Table 5.1 lists
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the four dimensionless parameters in terms of K

(sly, [El,, Keq
vy[(K/2)-1] can be calculated even if k, is unknown. Their

\

M?* "max?

, and kl. The parameters u, K, and

physical meaning is easily understood. To a large extent,
u determines the accuracy of the steady-state approximation,
since 1t 1s the perturbing parameter in the perturbation
scheme. K reflects the degree of saturation of the enzyme
by substrate when the steady-state 1s obtained. In most
initial velocity studies, K is varlied from 0.2 to 5.0.
y[(K/1)-1] is the reciprocal of the overall equilibrium

constant, K If the reaction is irreversible, y[(K/)x)-1]

eq”*
= 0. (MA/K) requires a value for kl, which cannot be de-

termined from steady-state 1nitial velocities in the for-
ward direction only. However, (A/K) is a function of rate
constants only and 1s therefore independent of the initial

concentrations. It lies in the open interval

0 < (A/K) < 1. (5.50)

From Inequality (5.50) we can derive a lower limit for
kl;
k, > (Vmax/Km[E]o) (5.51)

If the reaction 1s appreciably reversible, an initial

Velocity study in the reverse direction will yield V&ax

and K&. All of the rate constant can be calculated from
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vmax’ Vﬁax’ Km’ Ké’ [E]O’ and [SJO by

kK, = (V +v' ) [E]. Lk 7L (5.52)

1 max max 0 m *
k . =v' _ [E].L (5.53)

-1 max 0 *
k, =Vv___ [E],"? (5.54)

2 max 0 )
k . = (V + V' ) [E] -1 gi-1 (5.5%)
-2 max max 0 m o

Column 4 of Table 5.1 lists the four dimensionless param-

V! K

eters in terms of Vmax’ max?

n» K, [Ely, and [S1,.

We begin our analysis with a specific example to il-
lustrate the use of the above definitions. The irrever-
sible hydrolysis of acetyl-L-phenylalanine ethyl ester by

chymotrypsin 1s consistent with Mechanism I with Km =

M

10"'M, and V___ = 107°M 'sec™! (H. Gutfreund, 1955). Con-

sider an initial substrate velocity determined by Method

y

1 with [E], = 107°M, ana [S]; = 107'M. Then y = 1073,

K =1.0, and y[(K/y)-1] = 0. 1Inequality (51) requires that

-1

kl > 105 M'lsec We use two hypothetical values of kl

_ 10 mmloo.-1 - 1n-1
to calculate (A/K). For ki = 10" M “sec —, (A/K) = 10" —;

and for k; = 107 M lsec™!, (A/K) = 1072, Figure 5.3

shows that for (A/K) = 10'2, the measured initial substrate

velocity (Ri is defined in Equation (5.46)) starts out 198

times as large as the velocity predicted by the Michaelis-
-1

Menten equation. For (A/K) = 10 —, RS

1 starts at 19.8.
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T

Figure 5.3. Ri versus time for irreversible hydrolysis
of acetyl-L-phenylalanine ethyl ester by
chymotrypsin. (A/K) = 1072(A), 1071(B).
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These large crrors occur before the complex C has reached

0.007, Ri drops rapidly

1}

1ts steady-state level. At T
to values near 1 for both cases. As explained by Helneken,
Tsuchiya and Aris (1967), this sudden drop 1s caused by

the vanishing of the term eXp[-(l+K)Tu'1] in the perturba-

tion solution. The time t in seconds 1s related to 1 by

t = kIl [Elglr. For k; = 106 M'lsec-l, Ri reaches 1 in
7 msec, while for k, = 107 M-lsec'l, Ri reaches 1 in 0.7

6 y=1...-1

msec. Since k; is typically greater than 10 M “sec —, and
initial velocities are usually measured at t > 5 msec, the
majority of 1nitial velocitles require no pre-steady-state
correction to the Michaelis-Menten equation. The pre-steady-
state perlod can be lengthened by decreasing [E]O and [S]O.
We now examine the influence of u, K, [(K/X)-1], and

(A/K) on RS RP RS, and RP. For this analysis it 1s more

1 712 "2
informative to plot the ratios versus the extent of reaction
instead of time. For product veloclties the extent of
reaction 1s defined as P(l)’ and for substrate velocities,
as 1-S(1).

Effect of u = ([E],/[S . Figure 5.4 shows the effect
0

of on Ri at small extents of reaction. In each case

R] decreases to 1 at (1-S(;y) < u. A Method 1 initial
substrate velocity measured at an extent of reaction much
less than y 1s considerably greater than the Michaelis-
Menten value because the complex C has not reached its
steady-state concentration. Figure 5.5 shows that, even

at extents of reaction greater than u, the Michaelis-

Menten equation underestimates Method 2 initial substrate
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Figure 5.4, Effect of u on Ri at small extents of reaction.
uo= 10" (a), 10°3(B), 1072(c), 10"X(D). For
all curves, (A/K) = 10'3, K =1.0, y[(K/x)-1]
= O.
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Figure 5.5. Effect of uy on RS at small extents of reaction.
w = 10"%a), 10°3(B), 1072(c), 10”1(D). For
all curves, (A/K) = 1073, X = 1.0, y[(K/A)-1]
= 0.
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velocities. The degree of underestimation 1s described

approximately by

RS 2 (1-5(1)) (1+K)[(1-5 ) (1+K)-u]7 . (5.56)

Equation (5.56) was obtained from the first order perturba-

tion solution with the assumptions
(1-5(1y) << 1, u << 1, X << (K+1)exp[-(1+K)tp~ ]  (5.57)

Figures 5.6 and 5.7 show that the initial product
velocitlies by the two methods are overestimated by the
Michaellis-Menten equation at extents of reactlon less
than u.

Excepting the lag shown by RS, p does not significantly
affect the accuracy of the Michaells-Menten equations at
extents of reaction greater than u for u < 10-2. If
U< 1072 and (1-S(1)) > u, the zeroth order outer terms
dominate the perturbation solution, and the following
limiting equations, equivalent to the steady-state inte-

grated Equation (5.15), can be used.
R} = R} = {y(y=K)+[A+y(K-v)5} [K+v+(1-7)5,17 (14K (5.58)
R

12) = py (1K) (5.59)
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Figure 5.6. Effect of p on Rg at small extents of reaction.
uw = 107%(a), 10-3(B), 1072(c), 1071(D). For
all curves, (A/K) = 10"3, K =1.0, y[(K/)x)-1]
= 0.
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Figure 5.7. Effect of u on RP at small extents of reac-
tion. u = 107 7(A), 10 °(B), 10 (c), 10
(D). For all curves, (A/K) = 10'3, K= 1.0,

y[(K/A)-1] = 0.
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where

(y-1) p, K[Y(1+K=A)+A] [¥(K-2)=1] py*r
= - >— 2n (5.60)
[y(x-K)-2] [y(x=-K)-a] A

T

If (1-5 7)) (1+K)[(1-S (1)) (1+K)-u1™" = 1 and y ¢ 1072, then

RS = (1-5,) (1+K)c~ 1AL, (5.61)

Figure 5.8 shows that, for the relatively high vaiue
p = 0.1, Ri approaches 1 for only a small portion of the
reaction. For y much greater than 10'2, the full first
order perturbation solutions should be used.

Effect of K = (K Figure 5.9 illustrates the

w/[810).
effect of K on Ri at small extents of reaction. The effect
on R; is qualitatively the same. As K increases, Ri
approaches 1 at lower extents of reaction. Figure 5.10
shows the effect of K on Ri at small extents of reaction.
Rg behaves similarly. When K is increased from 10'2 to

1, Ri approaches 1 at greater extents of reactlion. As

K increases beyond 1, the trend reverses and RE approaches

1 at lower extents of reaction.

Figure 5.11 illustrates the effect of K on Ri and Ri at
large extents of reaction for u < 10'2, where Equation (5.58)

is a good approximation. As K increases, Ri and Ri de-

crease more rapldly with extent of reaction. RS and Rg

behave similarly. The sources of this trend are the
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Figure 5.8. Ri versus extent of reaction for u = 0.1,
K = 1.0, (A/K) = 1073, y[(K/A)-1] = O.
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Effect of K on Ri at small extents of re-
action. K = 1072(A), 10~ 1(B), 1.0(C), 10.0
(D). For all curves y = 103, (A/K) = 1073
y[(K/x)-1] = 0.
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Figure 5.10. Effect of K on Rl{ at small extents of reac-
tion. K = 1072(A), 10~1(B), 1.0(C), 10.0(B).
For all curves, uy = 10"3, (A/K) = 10'3,
y[(k/2)-11 = 0.
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Figure 5.11. Effect of K on Ri and RE at large extents of
reaction. K = 10-2(a), 10~1(B), 1.0(C),
10.0(D). For all curves u = 10”3, (A/K)

= 1073, y[(K/2)-1] = 0.
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increasing errors of the Method 1 approximation [S] =
[S]o and the Method 2 approximation log (l+y) 2 14y as
[S]y 18 decreased.
Effect of (A/K). Figure 5.12 shows the effect of (A/K)

on the initial behavior of Ri. The effect on Rg 1s quali-
tatively the same. As (A/K) decreases (l.e., as kl’
which 1s usually unknown, increases), Ri starts at higher
values, but drops to 1 at an extent of reaction insensi-
tive to (A/K). Figure 5.13 shows that Ri approaches 1
at lower extents 6f reaction as (A/K) decreases. Rg
behaves simllarly.

If the reaction 1is irreversible, Equations (5.58)
through (5.61) reduce to

rf - R} = 5,(1+K) (K+5 y~1 (5.62)

1 0

o
¢+]
]
joy)
jav)
!

= 5o(1+K) [py - K n (1-p,) 371 (5.63)

Since the right hand sides of Equations (5.62) and (5.63)
are independent of (A/K), (A/K) has no effect on the ir-
reversible reaction after the steady state 1s obtalned
if u < 10”2, For high values of u, however, (A/K) affects
the accuracy of the Michaells-Menten equations at fairly
high extents of reaction, as illustrated in Figure 5.14
for Ri.
If the reaction 1s reversible, (A/K) affects even the

steady-state results of Equations (5.58) through (5.61).
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Figure 5.12. Effect of (A/K) on Ri at small extents of
reaction. (A/K) = 10'"(A), 10-3(B), 1072
(c), lo"l(D). For all curves p = 1073,
K = 1.0, y[(K/Ax)-1] = 0.
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Effect of (A/K) on Rg at small extents of
reaction. (A/K) = 10'"(A), 10-3(B), 10-2
(c), 1071(D). For all curves p = 10'3,

K = 1.0 vy[(K/2)-1] = 0.
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Figure 5.14. Effect of ( /K) on R] at large extents of
reaction for u = 0.2 (A/K) = 0.5(A), 0.1
(B), 0.01(C). For all curves K = 1.0,
u = 0.2, Y[(K/2)-1] = 0.
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Figure 5.15 shows that as (A/K) increases, Ri and Ri de-

crease faster with increasing extent of reaction.
Effect of y[(K/)-11= K_ .
nificantly affect the pre-steady-state accuracy of the

y[(K/A)-1] does not sig-

Michaelis~Menten equation. Figure 5.16 illustrates the
effect of y[(K/A)-1] on Ri and Ri during the steady-state
period for small p, where Equations (5.58) through (5.61)

apply. The effect on Rg and Rg is similar.

D. Discussion

In the preceding section we have examined the accuracy
of the Michaelis-Menten equation for Mechanism (I). The
followling recommendations can be formulated from the re-
sults.

1. For the usual initial velocity study, where
u < 10°2, the Michaelis-Menten equation predicts Method 1
substrate and product initial velocities and Method 2
product initial velocitles most accurately at extents of
reaction slightly greater than y. At other extents of
reaction, the equation for Ri, Rg, or Rg can be used to
correct the measured 1initial velocities so that the
Michaelis-Menten equation can still be used to interpret
the results. For example, the Michaelis-Menten equation

initial velocity can be calculated from a Method 1 initial

substrate velocity by the equation
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Effect of (A/K) on Ri and R? at large extents
of reaction where k-2 # 0. (A/K) = 0.2(A),
0.6(B), 0.8(C). For all curves u = 10'3,

K = 1.0, y[(K/2)-1] = xgé =1.0.
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Figure 5.16. Effect of y[(K/A)=1] = K;}; on R} and RP

1l
at large extents of reaction. y[(K/)2)-1]
-1
= K

oy = 0.0(a), 0.50(B), 0.99(C), 1.98(D).
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s
Vom = Rl x (measured initial velocity)

s P P
1> Rl’ and R2 should

be calculated from Equations (5.46), (5.47), and (5.48)

For extents of reaction less than u, R

using the full first order solutlons 1in Appendix H. At
high extents of reaction where yu < 10'2, Equations (5.58)
and (5.59) can be used.

2. Method 2 initial substrate velocities require the
full first order perturbation solutions for extents of
reaction less than y. One can use the simplified Equation
(5.57) for extents of reaction slightly greater than yu.
Equation (5.61) holds at high extents of reaction where
M < 10-2.

3. For y significantly larger than 10"2 but less than
0.2, the full first order perturbation solutions in Appendix
H should be used.

Since the first order perturbation solutions in Appendix
H depend on all four rate constants in the simple Michaelis-
Menten Mechanism (I), experiments that require the perturba-
tion solutions are richer with infermation than experiments
that require only the Michaelis-Menten equation. The full
first order solutions do not lend themselves to graphical
analysis as easlily as the Michaells-Menten equation. How-
ever, nonlinéar least squares curvefitting programs such
as the KINFIT program (Dye and Nicely, 1971) make graphical
fitting unnecessary. The entire substrate or product

progress curve can be fit to the equations in Appendix H.
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All that 1s required are the equations, enough smooth data
to determine the parameters in the equations, and reason-
able initial estimates of the parameters.

Heineken, Tsuchiya and Aris (1967) have shown how the
singular perturbation formalism can be extended to more
complicated enzyme mechanisms. By combining singular
perturbation solutions with non-linear least squares fitting,
pre-steady-state experiments, such as those of Maguire,
Hijazi and Laidler (1974) on a-chymotrypsin catalyzed re-
actions of pseudosubstrates, can be expanded to full time
course experiments covering the steady-state period as
well. Furthermore, one is not restricted to ([E]O/[S]O)
< 1072

, as with the Michaelis-Menten equation. This 1s
particularly advantageous when larger ([E]O/[s]o) ratios
are needed to observe directly enzyme-substrate and enzyme-
product complexes, as 1n some experiments with horse liver
alcohol dehydrogenase (Shore and Gutfreund, 1970; Bern-

hard, Dunn, Luisi, and Shack, 1970).



CHAPTER 6

SUGGESTIONS FOR FURTHER WORK

This chapter contains two sections: (A) suggestions
for further experiments on the LADH-NADH-NDMA system,
and (B) suggestions for the further development of princi-
pal component analysis in kinetics. The numerical order
within each section 1s arbitrary and does not represent

priorities.

A. LADH-NADH-NDMA System

1. In any experiment with LADH, assay each LADH prep-
aration for ethanol (or any other reductant of NADH).

Mix NAD+ and the LADH preparation and measure the growth
of NADH. The concentration of LADH in the assay should
be ~(5-15) uN, the concentration range used in transient
phase experiments. Assay NDMA for reductants of NAD+

by mixing NDMA, NADY and a low concentration of LADH
(r1073 uN).

2. Perform scanning kinetics experiments with low
initial concentrations of LADH (<10~1 uN) and high initial
concentrations of NADH and NDMA (~10-20 uM). Determine by
principal component analysis whether the same intermediates
are observed under these conditions as 1n the high LADH

concentration experiments of Chapter 4. If the same

27U
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intermediates are present and reach approximately the same
absorbance levels in high and low enzyme concentration
experiments, they may be 1lntermediates of substrates and
products without enzyme.

3. Use principal component analysis to study the
changes in the absorbance spectra of NADH, LADH, and NaDt
in mixtures of these species. How many enzyme-bound species
occur in the 340 nm - 320 nm NADH shift? Does NADH or NaD*
perturb the absorbance spectrum of LADH at 280 nm? Since
the spectra of NADH, NaD* and LADH are broad and highly
overlapping in the range 250 nm - 300 nm, the latter ques-
tion cannot be conclusively answered by simple difference
spectra such as used by Fisher, Adija, and Cross (1969).
It 1s 1ideally sulted for attack by principal component
analysis.

b, Investigate by rapid scanning stopped flow experi-
ments with principal component analysis whether the spec-
trum of LADH 1s perturbed during the reduction of acet-
aldehyde by NADH.

5. Perform rapid scanning experiments with the same
initial concentrations of LADH-NADH-NDMA for which Dunn
and Bernhard (1971) proposed the "half-of-the-sites re-
activity mechanism". Resolve the 400 nm - 480 nm range
via principal component analysis, and deﬁermine whether
the resolved NDMA concentrations agree with the "half-of-
the-sites reactivity mechanism”.

6. Add various initial concentrations of NADY to the
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LADH-NADH-NDMA reactlons system 1n scanning stopped flow
experiments} How does Nap*t affect the amounts and rates
of the 1ntermediates that grow without NAD*? Do new ab-
sorbers appear?

7. Determine whether LADH, NDMA, and NADY form a
complex with an absorbance spectrum distinguishable from
the free species. If they do, may this intermediate be
related to Absorber 3 (X320’u03) assuming Scheme 3 in
Chapter U?

8. Proceed to Step 4 of the strategy of Figure 1.1,
but only after performing additional scanning experiments

resolved via principal component analysis.

B. Principal Component Analysis

1., Derive confidence interval statistical criteria
for determining the essentlal ranks of Mw and §W‘ To do
this, the probability distribution must be deduced for
the elgenvalues and eigenvectors given a probability
distribution of the random measurement errors. Anderson
(1963) should provide assistance. Addition of confidence
interval testing would make the principal component descrip-
tion of an ideal experiment (i.e., one with the assumed
probability distribution for its errors) more complete.
However, since real experiments are never ideal, the
examination of plots of E(r) and A will continue to be

most useful for determining the essential ranks.
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2. Devise a welghtling scheme for principal component
analysis of experiments with arbitrary measurement error
variances oij (see comments at end of Appendix C).

3. Derive a statistical criterion to help decide when
a proposed static spectrum or concentration profile fits
an experiment. The requlirements for the derivation of this
criterion are similar to those for the confidence interval
statistical criteria mentioned in suggestion B.1l above.

4, Derive solution bands for the normalized static
spectra and concentration profiles of three or more ab-
sorbers analogous to the solution bands for two absorbers
presented in Chapter 3. With three or more absorbers,
obtaining the solution bands may require nonlinear optimiza-
tion.

5. Apply principal component analysis to rapid scanning

fluorescence kinetics experiments.
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APPENDIX A

Demonstration that A )
_(rM

an Errorless Experiment

)=AFOI‘

In this appendix we show that, for an errorless ex-

periment, é(h) defined by Equation (2.4)
Aoy = &,y 00 1A (2.4)
=(r) =(r) =(r)= :

is an exact reconstruction of the experimental absorb-
ance matrix A when r equals Ty the rank of M; i.e., we

derive the equation

T
A= &(ry) ﬁ(rM)A (A.1)

By similar reasoning, one can show that Equations (2.9),
(2.25), and (2.26) give exact reconstructions of the ex-
perimental absorbance matrix for an errorless experiment
when r equals the rank of S, ﬂw, and S, respectively.

Recall that in Chapter 2, Section B, we 1ntroduced.
the second moment matrix of A as M, defined by Equatilon
(2.2) as

M= (1/N) (2.2)

>
|=
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and that we considered the eigenvalue equations
&QJ = QJGJ’ J =1,2,...,p (A.3)

T T

QJQJ 1, $3dy = 0, if J # k

Here we shall be more specific and call M the outer
second moment matrix of A. The inner second moment

matrix of A 1s called M', and is defined by the equation
M' = (1/p)ATA (A.4)
The elgenvalue equations for M' are

Mgy = 47y, J = 1,2,...,N (A.5)
where vy, > vy, > ... > yy, and

2?

T
Jy;_J--l, Qdy;_kaou‘J#k.

As byproducts of deriving Equation (A.l) we shall obtain
the relationships between the eigenvectors and eigen-
values of M and M'.

Define a matrix Y by the equation
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[ x

y[ (N+D)x(N+p)] _

A(pr) o(p><p)
- - J

and consider 1its assoclated eigenvalue equatilons

Y Qj = Qd wJ’ J =1,2,...(N+p)

T T
8384 =2, 838, =01f J #k

We partition each eigenvector Qﬂ by the equation

n(Nx1)
oL(N+p)x1] _ | ¥y

=J "
u’_J(pxl)

(A.6)

(A.7)

(A.8)

where the double prime symbol is used at this point to

|
distinguish by from Ly and 93 from Qd' In expanded form,

Equation (A.7) becomes

( N ) 114 ”
o(NxN) T xp ] !d<Nx1> Qﬂ(le)
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Upon multiplication of the matrices, Equation (A.9)

reduces to the pair of equations

AT%' = pyuy (A.10)
J =1,2,...(N+p)
" " A.11
B ay = 25y ey
Multiplying Equation (A.1ll) by (mJ/N), we obtain
L " 2
(l/N)A(mij) = QJ(wJ/N). (A.12)
When the L.H.S. of Equation (A.10) is substituted for
the quantity (yswj) in Equation (A.12), we obtain
Tqan = " = A" (e
[(1/N)A A ]QJ 93 J(mJ/N) (A.13)

By comparing Equation (A.13) to Equation (A.3) and noting
that [(1/N)A g?] = M, we obtain the following relation-

ships

QS = ¢y (A.1h)
P J=1,2,...,p
(wJ/N) = &y (A.15)

Similar steps starting with Equation (A.10) give the rela-

tionships
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ms =Yy (A.16)
5 J = 1,2,...,N
(mJ/p) =Yy (A.17)

Thus, the nonzero eigenvalues of M and M' are related by

the equation
(5J/YJ) = (p/N) (A.18)

Equations (A.10), (A.11), (A.14) and (A.16) give for
nonzero wJ the following relationships between the elgen-

vectors of M and M'

T
by = (1/wy) Ag, (A.19)

¢y = (l/wj) AV, (A.20)

In general, p and N are not the same, but both must
be larger than 'y if principal component analysis is to
be used to determine the minimum number of absorbers in
the experiment. Introduce an integer k, whose value
depends on which of p or N 1s larger

(=pifp <N
k (A.21)
l=N1ifp >N
With Equations (A.14), (A.16), and (A.21), we can write
Equations (A.10) and (A.1l) as
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T

2200 T oo B (a.22)
A Yoy = &) i) (A.23)
where
Sery = (G1082s -0 -ady) (A.24)
Yoy = (Ugsps-eesiy) (A.25)
Q) = diag(wl,wQ,...,mk) (A.26)

For the case where k equals N, right sided multiplica-

tion of Equation (A.23) by g%k) gives the result
A =29 ) yT (A.27)
= =(k) =(x) =(k) )

For the case where k equals p, right sided multiplication
of Equation (A.22) by ka), followed by transposition of

the results, also gives Equation (A.27). Since only the

first ry eilgenvalues of M or M' are nonzero, we have,

using Equation (A.15)

w w veesw, =0 (A.28)
Tme1’ Tme2’ UK

Therefore, Equation (A.27) can be reduced to
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- T
A &(ry,) &(rM)‘!_(rM) (A.29)
where

2(r'M) = dlag (“’1""2’°“"*’rM) (A.30)

From Equation (A.22), we have

T T
g(rM) l(rM) = —(rM)é (A.31)

which substituted into Equation (A.29) gives

T T
Q(rM) E(rM) A (A.32),A.1)

>
]

Thus, for an errorless experiment é(r) defined by Equation
(2.4) equals A when r equals Ty

Moreover, Equations (A.22) and (A.23) can be used to
derive the following identitles, which are used in Chapter

3, and hold for any value of r

A T
Ar) = &) Yy £ (.33)

T
A¥ory Yiry (A.34)

T
i(r) Q(r) !(r) (A.35)



APPENDIX B
The Least Squares Significance of é(r)

This appendix demonstrates the least squares signi-
ficance of A(r)’ the r principal component reconstruction

of A, defined by

T

Ary = 2p) &) & (2.4)

Specifically, we show that é ) 1s, 1n an ordilnary least

(r
squares sense, the best fit of the experimental matrix
A that can be constructed by taking a linear combination
of the first r eigenvectors of M. This result is valild
for any value of r, and does not require that the experil-
mental matrix A be errorless. The least squares slgni-
ficance of Equations (2.9), (2.25), and (2.26) can be
demonstrated by the same reasoning used here to demon-
strate the least squares significance of Equation (2.14).
We construct a model absorbance matrix called X(r)’
where each column of g(r) is a linear combination of
the first r elgenvectors of M. The matrix E(r) is obtain-
ed as the particular value of X(r) that 1s the best
ordlinary least squares fit of the experimental matrix
A.

We partition A, X(r) and é(r) into column vectors, as

285
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follows

A= (A),A5,...,A0) (B.1)
ey = Ly o Xery o Xy (B.2)
Biry = Boy Ay oeeohimy) (B.3)
The j'th vector g(r)J 1s given by the linear model

X(r)j = 2(r) By, J =1,2,...,N (B.U4)

where Eﬂ is a vector of coefficlents whose values are as
yet unspecified. The ordinary least squares loss func-

tion that relates the models vector !(r) to the experi-

mental vector ﬂj is QJ, defined by !
Q) = (Ay-81yBy) (A= yB)) (B.5)
Define A(r)J by the equation
§(r)J = @py Bys I = 1,2,...,N (B.6)

where gd is the particular value of gﬂ in Equation (B.4)
that minimizes QJ; 1.e., by 1s the ordinary least squares
estimate of §J obtained by fitting the model absorbances

X(r) to the experimental absorbances éd'

J
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To minimize QJ with respect to Eﬂ’ we first operate
on Equation (B.4) with Vy » defined by
J

3/3By_
B, - 228y (B.7)
2/9By_

We obtain

Tp,Qy = 20%p, (Ay=8(r)By) 1447018, ]

T =
- Q(r)(ég'i(r)gd) jJ=1,2,...N (B.8)
QJ is minimized with respect to gd when Vg QJ = 0.
Setting Vg QJ equal to 0 and substituting gd for BJ

Dio

we obtain
= _aT T -
Q= ~L(r)hy + &(r)8(r) Bys S = 1,2,..,N  (B.9)

Multiplying Equation (B.9) by (gfr)g(r))'l and rearranging,

we obtain for gj

T -1,T _
EJ = (g(r)g(r)) 2_(1,)5_3, J = 1,2,...,N (B.lO)

By the orthonormality of the eigenvectors of M, we

have (87.18..y)”% = I, so that Equation (B.10) can be
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simplified to

T -
by = $epyhys I = 1,2, (B.11)

Substituting gﬂ from Equation (B.11l) into Equation (B.9),

we obtain for the j'th column of g(r

) the equation
A - ol A j=1,2 N (B.12)
—(lr')J —(r)=(r)=J° R .
Therefore, A(r)’ the ordinary least squares reconstruc-

tion of A using the first r eigenvectors of M is given

by the equation

~ T
A(r) = _(r)g(r)é (B.l),(2.’4)



APPENDIX C

Expected Values, Variances, Covarlances,

and Weights for Princlpal Component Analysis

This appendix amplifies the discussion of error
models and weights in Sections D and E of Chapter 2.
After reviewing the definitions and some properties of
expected values, variances, and covariances of random
variables, we derive Equation (2.27) and discuss 1its
significance.

The following background material concerning expected
values, variances, and covariances, is taken from Chapter
2 of Beck and Arnold (1975). These concepts are also
discussed in most mathematical statistics textbooks and
their significance in principal component analysis is
discussed in the paper by Anderson (1963) and the multi-
variate statistics textbooks of Anderson (1958) and
Morrison (1967).

The expected value of a discrete random variable
X 1s denoted by E(X), and is defined as the sum of the
products of all possible values of X with their individual
probabilities. If X can take on only n discrete values,

(xi, i1i=1,2,...,n), E(X) 1s defined by

n
E(X) = P(X= c.1

289
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where P(X=xi) 1s the probability that X has the value x,.

If X is a continuous variable, then E(X) is defined by

400
E(X) =I xf(x)dx (c.2)

where f(x) 1s the probability density function of X.
The expected value of X has the following significance:
if we were to measure independently the value of X a
large number of times, we would expect the arithmetic
average of these independent measurements to approach the
value E(X) as the number of measurement increases. 1In
the words of Beck and Arnold (1975), E(X) is an "idealiza-
tion of an arithmetic average".

The Operator E( ) has the following three important

properties:
1. E( ) is a linear operator. Hence,
E(X+Y) = E(X) + E(Y)

2. E( ) leaves unchanged any constants or nonrandom
variables. Thus, if X is a random variable, K is a

constant, and F 1s a nonrandom variable, we have

E(K) = K
E(KX) = KE(X)
E(F) = F
E(FX) = FE(X)
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3. If two random variables X and Y are uncorrelated,

then

E(XY) = [E(X)][E(Y)]
The variance of X, denoted var(X), is defined by
var(X) = E[(X - E(X))?] = o2 (c.3)

X

where oy 1s the standard deviation of X. Equation (C.3)
can be simplified to

var(X) = E(x2) - [E(X)]2 (C.4)

Unlike E( ), var( ) is not a linear operator. Equation

(C.3) shows the important property that, if X is real,
var(X) > 0.

The covariance of two random variables X and Y, denoted

cov(X,Y), is defined by
cov(X,Y) = E[(X-E(X))(Y-E(Y))] (c.5)
Equation (C.5) can be simplified to

cov(X,Y) = E(XY) - [E(X)I[E(Y)] (C.6)
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Thus, if X and Y are uncorrelated random variables,
cov(X,Y) = 0. Comparison of Equations (C.3) and (C.6)
reveals that the variance of X is actually the covarlance

of X with itself
var(X) = cov(X,X)

The covariance operator 1s not a linear operator.
In Chapter 2, Section D, we introduced the follow-

ing model for the measured absorbance matrix A
A=EQT+§ (c.7)

where all the random measurement errors are contained in
£, and the matrices F and C are regarded as nonrandom

(errorless). Thus,

cT (C.8)

E(F cT) =

I

We assumed that the errors in g vary randomly about

zero; 1.e.,

E(e) = 0 (c.9)

We therefore have

T (C.10)

L[}
1=
Q

E(A)
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Each measurement error siJ was assumed to be uncorre-

lated to all other measurement errors,

E(eijekl) = 0
if1 #kor J # 2 (Cc.11)

°°V(€1J’€kz) =0

In general the variance of €1 i1s given by

var(eij) = E(eij) - [E(eij)]2 = E(eiJ) = Uij (C.12)

where oij may be different for every data point in A.
However, we emphasized the more restricted variance

model
var(eij) = oij = xin (C.13)

where oij is factorable into a function of the wave-
length channel 1 and a function of the spectrum number
J.

The motivation for developing weighted principal
component analysis 1s the observation, shown by the
example in Section D of Chapter 2, that, if var(eij)
deviates strongly from a single value for all channels
and spectra, the random errors in € can dominate the first

few eigenvectors of M. Consequently, we obtain an in-

correct essentlal rank for M by the usual criterion of
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reconstructing the absorbance surface. This problem
arises because principal component analysis 1s sensitive
to how the observations are scaled. Our model for A has
a nonrandom part F g? and a random part €. The goal of
the welghting scheme 1s to scale the observations so that
the principal component eigenvectors are dominated as
much as possible by the nonrandom part of the model.

We define a welghted absorbance matrix A,, given by
wh

Ay =LAT (C.14)
where L and T are nonslngular and diagonal. Note that L
scales the rows of A, that T scales the columns of A,
and that the ranks of A, and A are the same, since L
and T are nonsingular.

A reasonable criterion for assigning values for the
weighting matrices L and T 1s to 1lnsist that, as the
quantity of data increases, the effect of the random
errors on the principal component analysis vanishes.
Consider performing n independent replicate measure-
ments of the matrix A. We would have the n matrices,
(A,, 1 =1,2,...,n). The arithmetic average of these n
= (1/n) 1? ﬁi would approach the error-

=]
less expected value E(A) = F g? as n becomes very large.

matrices, Aave
However, the principal component reconstructions of A
that are used to determine the essentlal rank m are not

computed directly from A, but indirectly, by the equation
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A -l T -1
Apy = L7828 ¥(r)E (C.15)

where &(p) and ¥ ,y contain the eigenvectors of the
weighted second moment matrices Mw = (1/N)gw5$ and

ﬂ& = (l/p)éggw, respectively. Consider computing Mw

and g* for each of the n experiments, and then computing
the arithmetic averages of the resulting n values of Mw
and E*. As n becomes very large, the average value of Mw
would approach E(Mw), and the average value of Mf would
approach E(ﬂ&). We therefore choose the values of L

and T so that the eigenvectors of E(M,) and E(M};) are not
influenced by the random measurement errors.

The expected value of Mw is given by

E(M,) = E[(l/N)gwﬁgj (C.16)

which may be expanded and simplified by inserting the

definition of AW and using the mathematical properties of
the expected value operator. Substituting Equation (C.14)

for éw, and noting that N 1s an integer constant, we

obtain

E(M,) = (1/N) E(L A 7% AT L) (C.17)

Substituting Equation (C.8) for A in Equation (C.17) and

expanding the result, we obtain
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E(M,) = (1/N)[E(L F cTP2CFTL) + E(L F ¢T12¢TL)

— e — —— —— — — — —

+E(LeT? CFL) +E (L e ef )] (c.18)
We now simplify one by one the four terms in Equation
(C.18). Since the elements of L, F, C and T are non-

random variables, we have

E(LF ¢ T2 C FT L) =

e e
(I
~~
= |a
g
3

n
tx

—~~
I=>

A —g

-

(C.19)

The second term in Equation (C.18) may be simplified as
follows,

T

E(LF ' 1% ¢T

12 eT L) = L F cT T2E(eL)
cT 2[E(L )17

c? 2L E(e) 17T

H
= e
4 1=

(c.20)

oo
o |
I

where E(€) = 0 was used in the last step. Likewise,

the third term in Equation (C.18) is

2 T

2~ T

E(Le T CF L) =LE(e)ICF L =0 (C.21)

Simplifying the fourth term in Equation (C.18) is

easier 1f we consider 1ts i, J'th element. We have
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N
2 T -
E(LgT ¢ L) =E(]L kaL

)
k=1 - J Jk

(c.22)

= L,L, k{ Tk E(eikejk)

Since we assumed that the errors are uncorrelated, we

have, using Equations (C.1l1) and (C.12),

E(L € T2 €T L)yy = 01f 1 # (C.23)

™

13
n

jo

E(L€I° € L)y, = L1 ? T (C.204)

Thus, E(ﬂw) has been simplified to the sum of two terms

E(M,) = (1/N) L E(A) T°E (A7) L
(c.25)
2 2 P 2 2 2
+ (1/N) diag(L] Z T 1k -+ oLy kll Tie Skp)
The first term arises from the errorless Beer's Law con-
tribution to A, and the second term arises from the random

measurement errors. The analogous derivation for E(M )

gives the result

E(M) = (1/p)T E(ATLZE(A)T
(C.26)

p
2 2.2 2 2.2
+ (1/p) diag(Ty kzl LiO)1s--+sTy k21 L)

Equations (C.25) and (C.26) refer to the general



298
error varilance model, where each oij is arbitrary. With
the more restricted variance model given by Equation (C.13),
we obtain the following simplifications of the sums in

Equations (C.25) and (C.26)

N
2 2.2 _ .2

N
2
T z
k=1 1 Z

(c.27)
P
2 E 2.2 2 2
T Lio,, = T5z, ) Lx
J b k%K 3%3 Lh Kk
Note that in Equations (C.27) the quantities under the

summation depend only on the 1ndex k. Therefore Equation

(C.25) and (C.26) can be simplified to

E(M,) = (1/N) L E(A) 22E(AT)L
(C.28)
+ (1/M) t.(T?2)L%
and
E(MY) = (1/p)T E(AT)£2 E(AT)E
(C.29)
+ (1/p) t (L?X)1°2
where

X = diag(xl,x2,...,xp)

Z_ = diag(zl,ZZ’oo.,ZN)
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With these simplifications, we can easlily choose the
values of L and T so that the elgenvectors of E(Mw) and
E(ﬁ*) are unperturbed by the random errors. We want the
elgenvectors of E(Mw) and E(g&) to be elgenvectors of
the errorless terms (1/N)L E(A)T°E(AT)L and (1/p)T2E(AT)-
QQE(A?)Z, respectively. Thus, we assign L and T by the

equations

- al/2¢-1/2

e

(C.30)
- p1/2571/2

I3
|

where a and b are arbitrary positive constants. (Note
that Equation (28) in the paper by Cochran and Horne
(1977) should be corrected to agree with Equations (C.30);
specifically, L and 2 should be defined with the arbltrary
constants a and b taken to the positive one half power
instead of the negative one half power. These corrections
make the definitions of L and T consistent with the re-
mainder of the paper and with this thesis.) E(Mw) and
E(M);) become

(ab/N)x ez lETHX 2 + ab (C.31)

E(M)

(ab/p)z” Y 2E(AT)X 1E(A)Z7Y/2 + avI (c.32)

E(M))

where the error terms are reduced to scalar multiples of
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the identity matrix in both cases. The eigenvectors of
E(Mw) and E(ﬂ*) are the eigenvectors of the errorless
first terms in Equations (C.31) and (C.32), respectively.
This completes the derivation of the welghting scheme of
Section E in Chapter 2.

Having successfully assigned the welghts for the re-
stricted error variance model, the next question 1is,
given the unrestricted error variance model where oij
is arbitrarily different (but known) for each i and J,
can the welghts be assigned to accomplish the same purpose
for E(M,) and E(M})? We note that the error terms in
Equations (C.25) and (C.26) can be made arbitrary scalar
multiples of 1dentity matrices by assigning the values
of L and T to satisfy the following system of equations

N
2 2
L2 kzl Tiog, = K»  1=1,2,...p

(C.34)

T§ mil Lioij =K', J=1,2,...N
where K and K' are arbitrary real constants. Equations
(C.34) form a set of (p+N) nonlinear coupled algebraic
equations with (p+N) unknown. Therefore, L and T can
always be chosen to satisfy these equations. However,
Equations (C.34) are not restricted to have real roots.
In fact, in the simple case where p=3 and N=2, it can be

easily shown that T1 and T, must be complex.
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Thus, the derivation of a welighting scheme for the
general error varlance model 1s an area for future in-
vestigation. If the form AW
may try relaxing the requiremeht that L and T be dlagonal.

=L AT is maintained, one

However, the form of L and T must guarantee that they are
nonsingular. Otherwilse, Aw willl not have the éame rank
as A. An aesthetlcally pleasing property of principal
component analysis that should be maintained in a more
general weighting scheme 1is the unimportance of the order
in which the rows and columns of A are arranged. When
L and T are dlagonal, the exchange of two rows in A

can be accommodated by exchanging the same two rows in

L, M, and ¢. The exchange of two columns of A can be
accommodated by exchanging the corresponding two rows in
T, My, and ¥. This simplicity would be lost if L and T

were, for example, tridiagonal matrices or upper or lower

triangular matrices.



APPENDIX D

Derivation of Solution Bands for

Two Absorber Experiments

In this appendix we derive the solution bands of the
static spectra and concentration profiles 1n two absorber
experiments. Lawton and Sylvestre (1971) present a deriva-
tion of solution bands for the static spectra in multi-
component equilibrium systems. Thelr derivation 1s based
on geometrical arguments about the two dimensional space
of the eilgenvestors Ql and g2. The derivation presented
here 1s equivalent to theirs, but emphasizes a more alge-
bralcal approach. We also extend the results to obtain
the upper and lower bounds of the concentration profiles.

First we derive the solution bands for the static
spectra. Then by taking advantage of the symmetry of
the equation

= -1 T -1
E g = I"_ 2(2)2(2)!(2)2 (D.l)

we obtain the solution bands for the concentration pro-
files by inspection of the first results.
We make the following five assumptlons to obtain the

solutlon bands for the two static spectra:

302
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1. The statlic spectra are normalized to unit length.

P .
=1, Z f£2 =1 (D.2)

i=1

2. The normalized static spectra gi and ﬁé fit as

linearly independent absorbers in the experiment.

ek
I

v -1 ] "1 []
£ = W70y, £ = (L7285, (D.3)

(T = (TN, (D.4)

16>
u

Q>
n
|

(2))!1: ¢

3. The static spectra and concentration profiles
contain no negative elements. We have the inequali-

ties

]
|v
o
L]

y
v
[=]

(D.5)

=]
-
o>
n
|v
o

4, The weighted second moment matrices MW and M&
have all nonnegative elements. This 1s automatically
true 1f the absorbance matrix A has all nonnegative

elements.

5. The determinants of U' and V are positive. This
is merely a convention for identifying which absorber
1s one and which 1s two, since these determinants

change sign when absorbers one and two are switched.

+

[y
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In expanded form, Equations (D.3) are

"

-1 ' ' =

|
]
-
n
-

o _ =1 ' '
f = Ly (¢1lu ), i= «sD (D.7)

12 12 * ¢354

A

Deriving the solutions bands for %il and fiZ is equiva-

11 Y21 Y12

and “52 that are implied by Assumptions 1 through 5

lent to deriving all the constraints on u

above.

We start by noting some restrictions on the signs of
the eigenvectors of M, and M. When Assumption L above
holds, 1t can be shown that Qi and Ql have all nonnega-
tive elements. The orthogonallty conditions QEQZ =0
and ygyz = 0 then require that ¢, and y, each have a mix-
ture of positive and negative elements.

Let us apply the sign constraints on 91 and Q2 to
Equations (D.6) and (D.7). All values of L, and ¢4, are
nonnegative, and some values of ¢i2 must be positive and
some must be negative. Therefore, for all values of
}il and §i2 to be nonnegative, ujy; and ui2 must be posi-

tive. We have
|
uyq > 0 (D.8)

uiz >0 (D.9)
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As yet the signs of uél and uiz are unspecified. However,

the requirement that all values of ?{l and §i2 be non-

negative gives for Usqy

and ué2 the inequalities

min /¢ min ¢
..u' ._ii < u' < u' £ (D.].O)
11 ¢12>0<;12 - 21 - 711 ¢12<0 ¢12
min /¢ min |[¢
i1 ' ' 11
-u. —) < u < u —_— (D.11)
12 ¢i2>0 <¢i?) 22 — 712 ¢i2<0 ¢12

By the same reasonlng, application of the sign con-
straints for y, and ¥, plus the assumptions Ql > 0, and

€, > 0 to Equations (D.4) gives the inequalities

22
Vip > 0 (D.12)
Vi, > 0 (D.13)
: min /] min ]
V114 > (Ju) < Va1 2V E'Ll‘ (D.14)
52 0 J2 ¢J2<0 Je
min [y min v
V12 (“1'1') < Vo £ Vp o= (D.15)
¥y>0 Yy2 ¥y2<0 Yy2

We can further restrict the elements of U' by recalling

that U' and V must satisfy the equation



Uyt = g, (D.16)

From Equation (D.16) we obtain the equations

Vip = wjuj,/det(U’) (D.17)
Vo = mw,yuq,/det(U") (D.18)
Vi, = -wjuy,/det(U") (D.19)
Vo, = wyuyq/det(U") (D.20)

where w,, w, and det(U') are all defined as positive.
Equation (D.17) and Inequality (D.12) together give the

new inequality,

uéz >0 (D.21)

and Equation (D.13) and Inequality (D.19) together give
u >0 (D.22)

Thus, the R.H.S. of Inequality (D.13) and the L.H.S. of
Inequality (D.14) can be replaced by the stronger restric-

tions of Inequalities (D.21) and (D.22), giving

min /f¢
-uy, (311) < Uy <0 (D.23)
¢45>0\"12
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min
< ul (D.24)

A
0 <u 12

22 — <0

%42

Substituting Equations (D.17) and (D.18) into Inequal-

ity (D.14), we obtain

Wy ' min |y 1 . wy, o, min Eil
_(;;)u22 ¢J2<0 By2 uj, < (;;)u22 W32>0<¢32) (D.25)

Since uiz and ué2 are positive, the L.H.S. of Inequality
(D.25) 1is already guaranteed to hold. The R.H.S. of In-
equality (D.25) can be rearranged to give a new lower

1
bound for u22.

W v
(Bf)ui2 max(mif).i us, (D.26)

Substituting Equations (D.19) and (D.20) into Inequality

(D.15), we obtain

(7] min /¢ w min |y
=y, (E&) <uly < =2y, Sl (p.27)
2 vy220 \52 wp V320 Yy2
Since uil is positive and uél is negative, the L.H.S.

of Inequality (D.27) i1s already guaranteed to hold. The
R.H.S. of Inequality (D.27) can be rearranged to give a
new upper bound for uél,

Wa,
us, < (EI)“ll min ( (D.28)

<
n
N

21 =

<
Cu
[
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In summary, Assumptions 2 through 5 require that the

elements of U' satisfy the following inequalities,

uil >0 (D.29)

-min u.
(:%i-l) < 22 ¢ (22 min (ﬁé) (D.30)

¢y 5>0 \*12 uyy 1 Y1

ug, > 0 (D.31)
w ] ul min ¢
(=2) max(ﬁ)-'jé)i =2 ey (D.32)

1 J1 uj, w12<0 i2

Assumption 1 gives the following two equations restricting

the elements of U'

I
[

-1 -1
uy.( Ly "¢g1) + ul,( L, ¢,5) = (D.33)
11 121 1 %11 21 151 1 %12

' -1 ' -1 -
] ' 1 )

Define Yyy, 85 the valué of Y4y where the ratio (“Zj/uij)
is a minimum, and define EJH as the value of g& where the
ratio (uéj/uij) is a maximum. Then Inequalities (D.29)
through (D.32) and Equations (D.33) and (D.34) give for
uiL, uiH, uéL, and uéH the expressions listed in Table 3.1.
These are the extreme values for the elements of U'.
It follows that a normalized static spectrum i5 must fall

within these extreme values. Thus i' must fall on or

J
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A A'
between EjL and sz’ defined by

A' - _1 '
£y = L "Loyuyy (D.35)

To obtain the solutlion bands of the concentration
profiles, we make the followlng five assumptions, which
correspond to the assumptions made for the static spectra

solutlon bands, but with the roles of F and C reversed.

l. Normalization:

2. Absorbers in the experiment:

v = (1 '
&) = (T ¥y
85 = (T3

- -1
gl = (L 2(2))21

e
]

-1
o = (L78(5y)y,

3. Nonnegative definlteness of concentrations and

statlc spectra:
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¢/ 20, 320
£, 20, £,20

4, Nonnegative Definiteness of the Elements in Mw

and Mp.

5. Determinant of V' 1s positive.

Noting the symmetry of Equation (D.1), we see that the
solution bands for the concentration profiles presented in
Table 3.1 can be obtained by rewriting the solution band

equations for the static spectra with §5 substituted for

A

Note that ziL and gﬁ delineate regions of acceptability
of £!. 1In general, £y, and iiH cross over, i.e., iiL is
not always less than iiH . The same situation obtains
for §£L and éiH' Examples may be found in Chapter 4.



APPENDIX E

Computer Transfer and Calibration of

Stopped Flow Raw Data

This appendix gives 1instructions for (1) transferring
stopped flow raw data from the PDP8I computer to the CDC-
6500 computer, (2) estimating the wavelength of each wave-
length channel in a scanning experiment, and (3) calcu-
lating absorbance versus time and wavelength channel
from the raw data and storing the results in a form
suitable for KINFIT and other data interpretatlion pro-
grams.

Figure E.1 is a flow diagram of steps (1) through (3)
above. Stopped flow raw data can be transferred to the
CDC-6500 computer via cards or tapes, and, since the pro-
cedures for steps (2) and (3) are different for the two
methods of data transfer, the paths in Figure E.l1l are
labelled "cards", "tapes", or "cards and tapes" to indi-
cate the data transfer method to which they apply. For
each step in Figure E.1 in which a program is used, the
name of the program 1s given in parentheses to the left

of the box describing the step.
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E.1. Data Transfer From the PDP8I to the CDC-6500

The instructions for using the CP mode of the stopped
flow software to punch raw data onto cards are given by
Papadakis (unpublished). Transferring data by tapes from
the PDP8I computer to the CDC-6500 computer requires two
steps. Raw data on a PDP8I floppy disk or a DECTAPE is
first transferred to a nine track tape that can be read on
the CDC-6500 computer. The programs for this step were
developed by Dr. Tom Atkinson, and he shall provide written
instructions for using them. Figure E.2 1is a typical
directory that 1lists the order of stopped flow data files
on a nine track tape.

Although the CDC-6500 computer reads nine track tapes,
the MSU Computer Center does not fully support them with
software, and further use of the raw data is cheaper and
more convenlent if the contents of the nine track tape
are copied onto a seven track SCOPE tape, and the SCOPE
tape 18 used as the permanent record of the raw data for
the CDC-6500 computer.

Dr. Donald Ward has provided a program named COPY9TK
that copies the contents of a nine track tape onto a seven
track SCOPE tape. One submits the data-filled nine track

tape and a blank, zeroed seven track tape to the service

window of the Computer Center, and then enters the follow-

ing deck into the CDC-6500 computer.
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MPIP VER 2.4 DIRECTORY TAPE: 6200 28-FEB-77 13:87:43

FILF: 1 # REC = 17
GWAQAA.RC
FILE: 2 ¢ REC = 17
GWAOAB. RC
FI1LE: 3 # REC = 17
GWAOAC. RC
- FILE: 4 # REC = 17
GWAOAD.RC
FILE: 8 # REC = 209
CWAOAE.RC
FILF: 6 # REC = 209
GWAOAF.RC
FILE: 7 # REC = 209
GWAOAG. RC
FILE: 8 # REC = 209
CWAOAH. RC
FILE: 9 # REC = 209
GWAOAL.RC
FILE: 10 # REC = 209
GWAOAJ.RC
FILE: 11 ¢ REC = 209
GWAOAK. RC
FILE: 12 # REC = 43
GWAOAL.RC
FILE: 13 # REC = 17
GWAOAM. RC
FILE: 14 # REC = 1?7
CWAOAN.RC
FILE: 18 # REC = 17
GWAOAO. RC
FILE: 16 # REC = 17
GWAOAP.RC
FILE: 17 # REC = 1?7
GWAOAQ.RC
FILE: 18 # REC = 1?7
CWAOAR. RC
FlLE: 19 # REC = 17
CWAOAS.RC
FILE: 20 # REC = 17
GWAOAT. RC
TOTAL RECORDS = 1710.

Figure E.2. Directory showlng first thirty data files on
a nine track tape.
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Example 1 Deck that Executes COPY9TK

1. Problem Number Card

2. Job Card---IDNAME,CM40000,T200,JC3000,NT1,MT1,RG1.
3. Password

4, REQUEST,TAPE1,VRN=9tk tape#,S,Z,HD,AS,RO.

5. REQUEST,TAPE2,VRN=Ttk tagqi, RW.

6. REWIND(TAPEl)

7. REWIND(TAPE2)

8. ATTACH(X,COPY9TK)

9. X

10. RETURN(TAPEl)
11. RETURN(TAPE2)
12. (78

13. Title, Number of files on the nine track tape,
Format (A70,I10)

6
7
89y

The meaning of the control cards in Example 1 1is

described in The Computer Laboratory User's Gulde, Vol.

II, (1973) Chapters 2 through 7. The program COPY9TK
records on the seven track tape in SCOPE format a fac-
simile of the information on the nine track tape.

The procedure for obtalning a particular data file
from the seven track SCOPE tape 1is described in the
Control Data SCOPE Reference Manual (1969), Section 10.

The following example is a deck that reads files GWAOAC.RC
and GWAOAT.RC from a seven track SCOPE tape and stores

the information as permanent files GWAOAC and GWAOAT.

In this example the seven track SCOPE tape with visual
reel number 6200 contains twenty files, which are listed
in Figure E.1. It was copied from a nine track tape
having this directory. The files are identified oﬁ the

tape by their numbers. Thus, GWAOAC.RC 1s file number
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3, and GWAOAT.RC 1s file number 20.

Example 2 Deck that Retrleves Files GWAOAC.RC and GWAOAT.RC

from the Seven Track SCOPE Tape 2412.

Problem Number Card

Job Card---IDNAME,CM40000,T100,JC250,MT1,RG2.

Password

REQUEST,T7,VRN=6200,R0.

REWIND(TT7)

COPYCF(T7,X,2) coples the first two files onto

local fileX.

COPYCF(T7,TAPEl1,1) coples the third file onto

local file TAPEl.

COPYCF(T7,X,17) copies files 4 through 19 onto

local file X.

9. COPYCF(TT7,TAPE2,1) coplies file 20 onto local file

TAPE?2.

10. CATALOG(TAPEl,GWAOAC,RP=10)

11. CATALOG(TAPE2,GWAOAT,RP=10)

12. RETURN(TT)

130 (6
Tg

o (0230 BF —JUN IO N

9)

E.2. Wavelength Calibration

Each file on the seven track SCOPE tape contains the
data collection parameters and the digitized output voltages
of the Philbrick logarithmic amplifier for all the stored
points 1n a single experiment. The purpose of the cali-
bration programs 1s to calculate from these raw data the
absolute Beer's Law absorbances, the wavelengths, and
the times for all the stored data points, and to supply
this information in a form sultable for use in KINFIT
and other data 1lnterpretation programs.

The first calibration step for scanning experiments

is to estimate the wavelength corresponding to each
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wavelength channel in the scan. The computer programs
used 1in this step are KINFIT and WAVE. The calibration
data for this step are the (wavelength channel, wavelength)
ordered pairs for the absorbance peaks of the holmium
oxide and didymium oxide static spectra, collected with
the same monochromator settings as the kilnetic experiments.
Table E.1 1ists these data for the LADH-NADH-NDMA
reaction experiments discussed in Chapter 4. The instru-
mental conditions for these scanning experiments were

drum setting = 1610.3, mirror nutation = 0.8615, mirror

rotations/sec 37.5, samples/point = 5, and stored points/
spectrum = 54, In order to increase the resolution for

the wavelength calibration, the holmium oxide and didymium
oxide static spectra were measured with the same drum
setting and mirror nutation as the kinetic experiments,

but with mirror rotations/sec = 7.5, samples/point = 6,

and stored points/spectrum = 226. The wavelength channel
in the 54 point spectrum that corresponds to a given wave-

length channel in the 226 point spectrum was calculated

from the equation

channel in 54 points spectrum = (54.4/226.7) x

channel in 226 point spectrum. (E.1)

Equation (E.1) is derived from the facts that there are

(§§ gear teeth) X (U samples) x ( 1 point ) = 54.4 points
forward scan gear tooth 5 samples forward scan
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Table E.1. Holmium Oxide and Didymium Oxlde Absorbance
Peaks for the LADH-NADH-NDMA Experiments
versus Wavelength Channel

m=Wavelength Channel _ -1
in 54 pt. spectra A(nm) v(em 7)

Holmium Oxide Peaks

6.0 279.0 35840
10.7 287.7 34760
22.9 334.1 29930
25.2 348.2 28720
27.1 361.0 27700
29.8 382.2 26160
30.2 386.2 25890
33.6 419.4 23840
36.0 Lue.2 22410
36.7 Ls4 .0 22030
37.2 460.6 21710
39.1 L8y .7 20630
43.0 536.9 18630

Didymium Oxide Peaks
1.0 514.0 19460
b2.2 529.0 18900
46.1 573.0 17450

47.0 584.0 17120
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in the scanning kinetic experiments, of which 54 are

stored and 0.4 are wasted, and

(68 gear teeth) x (20 samples) x ( 1 point y = 226.7 points
forward scan gear tooth & samples forward scan

in the holmium oxide and didymilum oxide static spectra,
of which 226 are stored and 0.7 are wasted.

Calculating the wavelength of each wavelength channel
could be viewed as the problem of interpolating between
the observed holmium oxide and didymium oxide peaks.

We could fit the data in Table E.1 with a polynomial and
use the polynomial to calculate the wavelengths of all
the channels for which there are no peaks. Thils would
not be a satisfactory solution, however, because the
polynomial would have to be extrapolated beyond the range
of the peaks. For example, in Table E.1 the last channel
out of 54 for which a calibration peak is observed is
channel 47. A polynomial estimated by fitting the data
in Table E.1 would contaln no informatlon about the
wavelength of channels 48 through 54.

Rather than use an arbitrary polynomial to flt the
wavelength calibration data, we shall use a model that
describes the scanning monochromator. The Perkin Elmer
scanning monochromator and the computer interface are so
constructed, that, i1f the quartz prism's index of refrac-
tion were a linear function of wavelength, the relation-

ship between V(cm™1), the wavenumber of light at the exlit
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slit, and m, the wavelength channel in the scan, would

be
T(em™1) = By sin [2n(m/n + 8;)] + 8, (E.2)

where n 1s the total number of wavelength channels in
the forward and backward scan (=108.8 for the data in
Table E.1), B; 1s the half width of the forward scan in
wavenumbers, 82 1s the center of the forward scan in
wavenumbers, and 83 is a phase angle (=0.25).

For the ideal case of linear dependence of index of
refraction on wavelength, we would estimate the three
unknown parameters Bl’ 62, and 83 by fitting Equation
(E.2) in KINFIT to the (m,v) pairs in Table E.1. However,
the prism's 1ndex of refraction varies nonlinearly with

wavelength, and, a better model is
Viem™!) = £(¢) (E.3)

where ¢ 1s the nutation angle of the rotating mirror,

given by
¢ = ay sin [2r(m/n + a2)] (E. W)
and where aqy 1s the half width of the scan 1n nutation

angle of the mirror, and a, is a phase angle (=0.25).

Equation (E.2) is the speclal case of Equations (E.3)
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and (E.U) where v = f(¢) = B, + B1¢/a; and a, = B3

For nonlinear dependence of 1index of refraction on wave-
length, f(¢) 1s some polynomial in ¢ of degree greater
than one.

Rather than determine ¢ and f(¢), which would be
experimentally difficult, we can include the nonlinear
dependence of 1index of refraction on wavelength in the
following way. We vary the angle with which the beam
enters the prism, and hence the wavelength of light at
the exit slit, by changing the drum setting with the
mirror nutation angle set to zeroc. In this manner, we
construct a table of holmium oxide and didymium oxide
absorbance peak wavenumbers versus ds’ the drum setting
at zero nutation. Table E.2 contains thils information,
measured on July 1, 1976 by Dr. Joseph Ceraso. We use
this information 1n a wavelength calibration by assuming

the model

d =1U

s 1 sin [2n(m/n + U3)] + U2 (E.5)

vien™h) = g(dy) (E.6)

A(nm) = 107 /¥ (em™) (E.7)
where dS 1s the drum setting at zero nutation angle, m

is the wavelength channel number, U1 is the half width

of the scan in units of drum setting at zero nutation
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Table E.2. Wavenumbers versus Drum Settings at Zero
Mirror Nutation for Holmium Oxide and Didymium
Oxide Absorbance Peaks.

d_ = Drum Setting at Zero

Mirror Nutation v(em 1)
1792.5 35840
1763.3 34760
1754.2 34480
1635.4 29930
1622.8 29300
1614.7 29000
1607.4 28720
1586.3 27700
1574.0 27120
1555.6 26160
1548.7 25890
1542.2 25560
1510.7 23840
1503.9 23500
1486.2 22410
1481.0 22030
1475.4 21710
1468.1 21080
1462.5 20630
1455.4 20470
1428.4 18630
1407.3 17120
1411.4 17450
1431.6 18900
1440.4 19460
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angle, U2 is the center of the scan in units of drum
setting at zero nutation angle, U3 is a phase angle
(=20.25), n 1s the total number of wavelength channels
in the forward and backward scans, and g(ds) is a poly-
nomial in ds.

Note that Equations (E.5) through (E.7) relate the
wavelength A to the channel number m. Equations (E.5)
and (E.6) contain parameters to be estimated by least
squares fitting the calibration data. Equation (E.7)
is true by the definitions of A and v. The first step

in using thls model is to estimate U U2, and U3 by fitting

12
the (m,ds) ordered pairs for the holmium oxide and didymi-
um oxlide static spectra to Equation (E.5) with KINFIT.

The (m,ds) ordered pairs for the LADH-NADH-NDMA experiments
are listed in Table E.3, in which each ds value is the one
from Table E.2 whose wavenumber corresponds to the holmium
oxlde or didymium oxide peak from Table E.1l. Given the

data in Table E.3, estimated variances of m and dS equal

to one, and the residual function R defined by

R =4d - U

s sin [27(m/n + U3)] + Uy, (E.8)
observed

1
KINFIT estimated the values U, = 208.5:0.7, U, = 1604.3
+1.4, and U3 = 0.265+0.002.

The next step 1s to estimate by least squares the
polynomial g(ds) in Equation (E.6). This step, and the

final step of calculating from Equations (E.5) through
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Table E.3. Drum Settings at Zero Mirror Nutation versus
Wavelength Channel for the Holmium Oxide and
Didymium Oxide Calibration Spectra (Informa-
tion Combined from Tables 1 and 2).

" InW§Xeé§?gggeSE?3;el i%:Z;ﬁgn%éizigiﬁg 7(cm—1)
Holmium Oxlde Peaks
6.0 1792.5 35840
10.7 1763.3 34760
22.9 1635.4 29930
25.2 1607.4 28720
27.1 1586.3 27700
29.8 1555.6 26160
30.2 1548.7 25890
33.6 1510.7 23840
36.0 1486.2 22410
36.7 1481.0 22030
37.2 1475.4 21710
39.1 1462.5 20630
k3.0 1428.4 18630
Didymium Oxide Peaks
41.0 1440.4 19460
42.2 1431.6 18900
46.1 1411.4 17450
47.0 1407.3 17120
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(E.7) a table of wavelengths for all the wavelength
channels, 1s performed by the program WAVE. WAVE has
a subroutine called ORTHPOL that uses ordinary least

squares to fit the data in Table E.2 to the equation
v = g(d)) = ByPodg) + By Py(d ) + ... +BgPe(dg), (E.9)

where PO through P5 are orthogonal polynomials, chosen
subjJect to the restrictions that g(ds) has no inflection
points over the range of the ds values 1n Table E.2, and
that each term in Equation (E.9) 1is statistically sig-
nificant at the 95% confidence level. More details
about ORTHPOL are given 1in Appendix F. The program WAVE
then uses Equations (E.5) through (E.6) to calculate a
table of wavelengths for all the wavelength channels 1in
the experiment. It prints this table and writes the in-
formation on a local file called TAPE8 that can be cata-
loged as a permanent flle to be used in the next calibra-

tion step. The following deck executes the program WAVE.

Example 3 Deck that Executes the Program WAVE and Stores

TAPE8 as Permanent File WCALIB.

Control Cards

1. Problem Number Card
2. Job Card---IDNAME,CM40000,T50,JC250,RG2.
3. Password
4, ATTACH(WAVE,WAVE)
5. WAVE.
6. ?ATALOG(TAPES,WCALIB,RP=100)
7. 7
8

9)
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Data Cards
8. NPTS,NCHAN

(215)

NPTS Number of (dg,Vv) order pairs to
be used in estlimating the param-
eters in Equation (E.5).

NCHAN Number of wavelength channels in
a single forward scan of the ex-
periment.

9. (U(1),I=1,2,3)

(3E10.4)

U(I) Uy,Us and Uy values estimated
by KiNFIT for Equation (E.5)

10. (X(I),Y(I), I = 1,NPTS)

(2E10.4).

X(I) ds, drum setting at zero nutation.

Y(I) V?cm-l), wavenumber observed for ds.

11. (6
Tg
9)

TAPE8 has written on it (WL(I), I = 1, NCHAN), Format
(5X,E10.4), where WL(I) is the wavelength in nanometers
of the I'th wavelength channel.

Given the data in Table E.2, ORTHPOL chose a third
degree polynomial for g(ds). Table 4.3 lists the wave-
length assignments of the 54 wavelength channels in the
LADH-NADH-NDMA experiments. Figure 4.1 1s a plot of the

wavelength versus wavelength channel calibration.

E.3. Calculation of Absorbance versus Time and Wave-

length Channel

The program WAVE defines the wavelength scale of a
scanning experiment. The program ABCAL calculates ab-

sorbance versus time and wavelength channel for 2 scanning
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experiment from the wavelength calibration information,
data collection parameters, neutral density filter cali-
bration data, and the digltized output voltages of the
Philbrick logarithmic amplifier. ABCAL also calculates
absorbance versus time for a fixed wavelength experiment
and absorbance versus wavelength channel for a static
spectrum. Several auxiliary programs, NDFCAL, ABDATA,
and ABDATA2, are used to feed the neutral density filter
data, kinetic raw data, and data collection parameters
into ABCAL. Before describing thelr use, we shall briefly

discuss the calculations performed in ABCAL.

Time

ABCAL and its subroutine TIMER calculate the time of
each absorbance point in a scanning or fixed wavelength
kinetic experiment from the data collection parameters
(SAVEPAGE), the flow time, the stopping time, and the
distances between certain flags and the plunger stopping

plate.

Figure E.3 schematlically shows the location of the
timing flags for a scanning kinetic experiment. 1In this
example it 1s assumed that the stop flag D was used to
trigger data collection. Data collection would actually
begin at point G, where the first beginning of scan pulse

occurs after D. The zero of the time scale calculated
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Flgure E.3. Schematic diagram of timing flags for a
scanning experiment triggered by the stop
flag. T1 = flow time, T2 = time shift, T3
= stop flag to plunger stop, Tu = stopping
time.
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by TIMER 1is where the data collection begins, 1i.e.,

at point G in this example. ABCAL then adjusts the time
scale to begin where the fluild flow has ended, 1i.e.,
point F in Figure E.3. This adjustment 1s calculated
from the following four numbers:

1. T., the "flow time", which is the time elapsed
bétween one of the start flags (A, B, or C), and
the stop flag, D. The start flag used should be
the earliest flag by which constant flow velocity
has been reached, 1.e., flag B in Figure E.l4.

2. To, the "time shift", which is the time elapsed
between the data collection trigger and the first
beginning of scan pulse; i.e., between points
D and G in Figure E.4,

3. T3, the time elapsed between the stop flag D and
pdint E, where the plunger hits the stopping plate.

4., Ty, the "stopping time", which 1is the time elapsed
between the stopping of the plunger at point E
and the end of fluid flow at point F.
For the example shown in Filgure E.3, if T is the time
scale calculated in TIMER that starts at point G, then T',
the adjusted time scale calculated by ABCAL that starts

at point F, is given by
' = - -
T T + T2 T3 Tu (E.10)
We shall briefly summarize the other cases. If data
collection in a scanning experiment is triggered from a

start flag, say flag B, then

T'=T—T1+T2-T3-Tu (E.11)
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In a fixed wavelength experiment the data collection
begins at the flag chosen to trigger data collection,
since there is no need to wailt for a beginning of scan
pulse. Therefore, there is no time shift, T2. For a
fixed wavelength experiment triggered by a start flag,

we have
' - l - - ‘I -— I I 2
i = l !I (Eo )

and for a fixed wavelength experiment triggered by the

stop flag, we have
T' = T - T_ - T ]

Ty5 Ty, T, @and Ty are obtained as follows. T

3 1?2
the flow time, is measured during the experiment and is
entered into the calibration programs on a data card
typed by the user. T2, the time shift, i1s one of the
AVEPAGE parameters stored by the PDP8I computer with
each flle. T3, the time between the stop flag and the

plunger stop, is computed by ABCAL from the equation
T3 = le/y (E.14)
where x 1s the vertical distance displaced by the plunger

between the stop flag and the plunger stopping plate, and

y 1s the vertical distance displaced by the plunger between
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the start flag used to measure T1 and the stop flag.
Equation (E.14) assumes that the fluid velocity is
constant between point B and E 1n Figure E.3. The
stopping time, Tu, is the time taken for the fluid veloc-
ity to reach zero after the plunger stops moving, and 1is

usually estimated to be 0.5 msec.

Absorbance

For a given wavelength channel, ABCAL calculates the
absolute absorbance of each data point from an equation

of the form
A= A(V) = BOPO(V) + BlPl(V) + ... + B5P5(V) (E.15)

where A 1s the absolute absorbance, V 1s the digitized
output voltage of the Philbrick amplifier, BO through
BS are parameters to be estimated by ordinary least
squares, and PO(V) through PS(V) are orthogonal poly-
nomials, each of degree in V equal to its subscript.
The terms included in Equation (E.15), and the values of
their coefficlients, are determined in the subroutine
ORTHPOL, which fits the absolute absorbances and voltages
for the neutral density filter calibration data to Equa-
tion (E.15).

A detailed description of ORTHPOL is given in Appen-
dix F. In using ABCAL, it 1is important to know that

the terms chosen in Equation (E.15) must pass two tests:
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(1) the terms must be significant at the 95% confidence
level, and, (2) Equation (E.15) must have no unwanted
inflection polnts. These tests exclude polynomials that
fit the random errors in the calibration data by changing
direction to go through every data poilnt. The user sup-
plies values for the variables MFLAG,KFLAG,LFLAG,NINC,
VMAX, and JFLAG, defined in Appendix F, that control how
the terms in Equation (E.15) are chosen.

The Philbrick logarithmic amplifier circult has 11
output voltage galn settings. When the galn settings
for the experiment and the neutral density fllter cali-
bration data are different, ABCAL assumes that the output
voltage 1is linear with gain, and makes the following
adjustment. The user enters on a data card the ratio
RS’ defined

Rg = gain during experiment/gain during calibration

If V 1s the voltage measured during the experiment, ABCAL
calculates the absorbance from A = A(V'), where V' = V/Rg

and A(V') 1is given by Equation (E.15).

E.4 Instructions for Using ABCAL

In addition to various control parameters, flag
distances, etc., ABCAL requires the following three

blocks of data:
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1. The data collection parameters and digitized
Philbrick amplifier voltages for the experiment.

2. The digitized Philbrick amplifier voltages for
the neutral density filter calibration data.

3. The absolute absorbances of the neutral density
filters at the wavelengths corresponding to the

wavelength channels of the experiment.

Blocks (1) and (2) are the DECTAPE files for the ex-
periment and the neutral density calibration, respectively.
The absolute absorbances of the neutral density filters
are measured on the Cary 17 spectrometer. To calibrate
one wavelength channel in a scanning experiment, ABCAL
requires at the appropriate wavelength the absolute ab-
sorbance of each neutral density filter used in the cali-
bration experiment. For example, in a 54 wavelength chan-

nel experiment for which 8 neutral density filters were

used, ABCAL needs 54 x 8 432 absolute absorbances from
the spectra of the neutral density filters. We can extract
these absorbances from the spectra by hand, or, if the
wavelengths fall between 250 nm and 610 nm, we can use
the program NDFCAL, written by Mr. David June and adapted
by R. Cochran, to interpolate the absorbances from a 770
point lookup table.

The program NDFCAL reads the wavelength calibration
information from TAPE8 of the program WAVE, and linearly

interpolates the absolute absorbances of the neutral

density filters from a lookup table on a permanent file
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called NFDAT2, which contalins absorbances from the Cary
17 spectra of the neutral density filters at 5 nm inter-
vals over the range 250 nm to 610 nm. Alternatively,
the wavelength calibration information can be read from
cards. NDFCAL prints the absolute absorbances of the
neutral denslity filters for each wavelength, and writes
this information on a local file called TAPE9, that can
be used directly in the next step for calibrating data
from a seven track SCOPE tape. The deck structure for

executing NDFCAL follows.

Example 4. Deck that Executes NDFCAL and Stores the Ab-

solute Absorbances on a Permanent Flle Named

ABSOLUTE

Control Cards

Problem Number Card

Job Card---IDNAME,CMU0000,T50,JC350,RG2.

Password

ATTACH(TAPE8,WCALIB)

(If IOPT # 1 on data card #1, TAPE8 should contain
the array (WL(I),I=1,NCHAN) from the program WAVE)
ATTACH(TAPE7 ,NFDAT?2)

ATTACH(NDFCAL,NDFCAL)

NDFCAL.

CATALOG (TAPE9, ABSOLUTE,RP=100)

(g

e o o

W

O O3 o
e o o o o

9)
Data Cards

10. IOPT (=1, wavelength versus wavelength channel in-
formation to be read from cards, #1, to be read
from TAPES8) (I5)

Data cards (11) and (12) are used only if IOPT=1 above

(11) ??Lg (Number of wavelength channels in the experiment)
5
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(12) (XWVLTH(I),I=1,NWLC)
(5X,E10.4)
XWVLTH(I) Wavelength in nanometers of wavelength
channel I.

13. NND Number of neutral density filters per wavelength

channel in the calibration experiments (I5)
14. (ISELEC(I),I=1,NND)

(1615)
ISELEC(I) 1is a code for the order in which the neutral
density filters are stored 1n the calibration file.

ISELEC(I) Nomiral Optical Density of the I'th N.D.
filter in the Calibration Fille

0.02

0.10

.20

.30

.60

.70

0.80

1.00

1.30

solvent vs. solvent

O [0 |N |\ & W o -
o |O |O |©o

=
o

(6

[}
(9]

7
89)
The local file TAPE9 contains the absolute absorbances

of the neutral density filters for wavelength channels 1

through NWLC in the following form:

(XNDFIL(ISELEC(I)),I=1,NND) (8E10.4)

where XNDFIL(ISELEC(I)) is the absolute absorbance of
neutral density filter ISELEC(I).
The program ABCAL obtains its input data from one of

two programs; from ABDATA if the data were transferred
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by tapes. The following example gives the deck structure
for executing, in successlon, ABDATA and ABCAL. Note that
all of the raw data are entered on cards. Two local files,
TAPE8 and TAPE9, contain the absorbance versus time and
wavelength channel information in different forms. TAPES
is Intended for storage as a permanent flle or as an APLIB
file, and TAPE9 is intended to be punched as data cards

for KINFIT. These files are described at the end of this

section.

Example 5. Deck that Executes ABDATA, then ABCAL, Stores

TAPE8 as a Permanent File, and Punches TAPEQ

as Cards for KINFIT

Control Cards

Problem Number Card
Job Card---IDNAME,CM55000,T200,JC450,RG2.
Password
ATTACH(ABDATA,ABDATA)
ABDATA.
REWIND(TAPE10)
COPYCF(TAPE10,TAPE6)
REWIND (TAPE6)
ATTACH(ABCAL,ABCAL)
10. CATALOG(TAPE8, Name of P. File, RP=10)
11. REWIND(TAPE9)
12. DISPOSE,TAPE9,PC.
13. (78
9)

Data Cards

O o~ &EWMH

14. VARTIM,VARABS,NWLC,SRFLAG,ITRIG
(2F10.9,315)

VARTIM Variance of time measurement errors in
seconds

VARABS Variance of absorbance measurement errors
of Group 1 in absorbance units.

NWLC Number of wavelength channels being cali-

brated in thls run of ABCAL
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16.

17-

18.
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®SRFLAG Spike Routine Flag (1 = yes, 0 - no)
(leave blank)

ITRIG (=1, collection triggered from stop flag,
# 1, collection triggered from a start
flag)

NAME, NUMS

(AB,16)

NAME Name of experiment data file on DECTAPE

NUMS Number of save-page parameters for this
run.

(SAVPAGE(K), K = 1, NUMS)

(6X, 1216)

SAVPAGE(K) Save-page parameters for this kinetic run.

FLTIME,PHILR, TIMSKP,PNSK,SSFDIS,SFPLSD,STPTIM

(3F6.4,16,3F6.4)

FLTIME Flow time in msec. (T; in Figure E.3)

PHILR Philbrick gain during experiment/Philbrick
galn during calibrations

®¥TIMSKP Time to skip to assure good data (leave

blank)

¥PNSK Points to skip. (Leave blank.)

SSFDIS Distance between start/stop flag in mm
(y in Equation 4.13)

SFPLSD Stop flag to plunger stop in mm (x in
Equation 4.13)

STPTIM Stopping time in msec. (Ty in Figure E.3).

MFLAG,KFLAG,LFLAG ,NINC,VMAX,JFLAG,IPDLT
(415,E10.4,1I5,5X%,I5)
MFLAG (1, ORTHPOL automatically chooses a linear
fit; # 1, ORTHPOL considers adding terms
to the linear function up to 5'th degree)
KFLAG (1, ORTHPOL requires > 2 inflections within
calibration range to reject a polynomial;
# 1, ORTHPOL requires > 1 inflections within
calibration range to reject a polynomial).

LFLAG (1, ORTHPOL checks for inflections from
solvent versus solvent to VMAX; # ORTHPOL
checks for inflections from solvent versus
solvent to highest N.D. calibration point).

NINC Number of intervals into which inflection
point search region is divided.
VMAX If LFLAG = 1, ORTHPOL checks for inflec-
tions 1n A versus V from Vsolvent to vmax'
JFLAG (1, No inflection testing is performed;
# 1, inflection testing 1s performed).
IPDLT (=1, the absorbance versus time tables and

parameters estimated in ORTHPOL are delected
from the printed output, # 1, everything
is printed).
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20.

21.

22.

23.

NDNAM
(A8)
NDNAM
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Name of Calibration file on DEC data tape.

Data Deck for Neutral Density Filter Calibration
(as it comes from PDP8I cardpunch)
For each wavelength channel:

(A) Card with number of wavelength channels, number
of N.D. points, etc. (this card is not used ir
ABCAL, but appears in the PDP8I cardpunch deck).

(B) (VOLT(I), I = 1, # Calibration points)
(6X,1216)
VOLT(I) Output voltage of Philbrick amplifier

as digitized by the interface for each
calibration point.

For each wavelength channel

(NDABS(I), I = 1, # of calibration points)

(6¥,8F6.3)
NDABS(T)

Absolute absorbances measured on Cary 17
for each calibration point.

For each wavelength channel,

(A) NUM, N, ISTART, IEND, IAINF, ISOLV
(216, 218, 2I6)

(B) (IDATA(I), I = 1,N)

NUM

N
ISTART
IEND
IAINF

ISOLV

IDATA(I)

(7
89)

Wavelength channel number

Number of Time points in the kinetic run.
Start Time in msec

Final time in msec

Infinity voltage at wavelength channel
NUM.

Solvent versus solvent voltage at this
wavelength channel. (If stored on this
file.)

Digitized voltage during experiment at
wavelength channel NUM in spectrum number
T.
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Data Cards for ABCAL

24. NND NND = number of neutral density filters
(I5) per wavelength channel
25. (6
Tg
9)

¥ABCAL was adapted from the program ABSTIM. The var-
iables SRFLAG, TIMSKP and PNSK are vestiges from ABSTIM,
and can be ignored (left blank).

The deck structure for executing ABDATAZ2 and ABCAL,

follows. Note that only control parameters and flag

distances are read from cards.

Example 6 Deck that Executes ABDATA2 and ABCAL, Stores

TAPE8 as a Permanent File and Punches TAPE9

as Cards for KINFIT

Control Cards

1 Problem Number Card

2. Job Card---IDNAME,CM55000,T200,JC450,RG2.

3. Password

4., ATTACH(TAPE1ll, Name of Experiment File from 7 track
5

6

tape)
ATTACH(TAPE12, Name of N.D. File from 7 Track Tape)
ATTACH(TAPE13, Name of File Containing TAPEQ from
NDFCAL)
(Insert Card 6 only if NDFLAG # 1 in Entry #20 below)
7. ATTACH(ABDATA2,ABDATA2)
8. ABDATA2.
9. REWIND(TAPE1O)
10. COPYCF(TAPE10,TAPE6)
11. REWIND(TAPE6)
12. ATTACH(ABCAL,ABCAL)
13. ABCAL.
14. CATALOG(TAPE8, Name of P. File, RP = 100)
15. REWIND(TAPE9)
16. DISPOSE,TAPE9,PC.
17. (74
9)
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19.

20.

21.

22.

23.
(24)

25.

26.
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Data Cards for ABDATA?

NAME DECTAPE Name of the Experiment file; e.g.,
(A9) GULABD.RC.

NDNAME DECTAPE Name of the neutral density filter
(A9) calibration file; e.g., GULAAG.RC.

(NOTE: ABDATA2 checks NAME and NDNAME against the
DECTAPE names stored as the first records of TAPEll
and TAPEl12, respectively. If they do not match,
program execution stops).

ITYPE, NND, IWLF, NWLC, NDFLAG

(51I5)

ITYPE (=1, TAPEll contains a static spectrum,
=2, TAPEll contains a fixed wavelength
experiment, #1 or 2, TAPEll contains a
scanning kinetic experiment)

NND Number of neutral density filters in the
calibration file on TAPElZ2.

IWLF When ITYPE=2, IWLF 1s the wavelength channel
in the neutral density calibration file on
TAPE12 whose wavelength 1s closest to the
wavelength of the experiment.

NWLC Number of wavelength channels in the
neutral density calilbration file on TAPEl2.

NDFLAG (=1, N.D. filter absolute absorbances are

on TAPEl13, #1, N.D. filter absolute ab-
sorbances are read from cards)

VARTIM, VARABS, SRFLAG, ITRIG
(2E10.4, 215)

FLTIME, PHILR, TIMSKP, PNSK, SSFDIS,
SFPLSD, STPTIM
(3F6.4, 16, 3F6.4)

MFLAG, KFLAG, LFLAG, NINC, VMAX, JFLAG, IPDLT

(4I5,E10.4,15,5X,I5)

(NDABS(I,J),J=1,NND),I=1,NWLC)

(8E10.4)

Entry (24) appears only if NDFLAG # 1

NDABS(I,j) Absolute absorbance of the J'th neutral
density fllter at the I'th wavelength
channel.

(7
89y

Data Card for ABCAL

NND
(15)
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(6
7
89)

ABCAL output file TAPE8 has the following structure:

1.

NAME, ICOR

(A9,I5)

NAME DECTAPLE name of the experimental file;
e.g., GULABD.RC

ICOR A flag that 1s set equal to zero here.

(Zero means that the absorbances have not
been interpolated across each spectrum
to correspond to a single time and have
not been corrected for scattered light)

(Entries 2, 3, and 4 appear once for each wavelength channel
in a scanning experiment or static spectrum starting with
wavelength channel 1.)

2.

NUM, N

(216)

NUM Wavelength channel number

N Number of Absorbances at wavelength channel

NUM, not counting the absorbance of the
infinity spectrum.

EEIME(J), VARTIM, ABSORB(J), VA(J), J ==1,N)

020)

TIME(J) Time elapsed since end of fluid flow for
the J'th stored point at wavelength channel
NUM (in seconds)

VARTIM Value entered on a data card in ABDATA
or ABDATA2

ABSORB(J) Absorbance of the J'th measurement at
wavelength channel NUM.

VA(J) VA(J) = VARABS/(g"™ ") where g = grouping
factor, n = group number in which measure-
ment J occurs.

TIMINF, VARTIM, AINFIN, VARINF

(4020) 6

TIMINF Set equal to 1 x 10° seconds

AINFIN Absorbance of channel NUM in the finitity
spectrum.

VARINF VARINF = VARABS/256

(NOTE: 1If TAPE12 has a static spectrum, entry 4 contains
meaningless numbers. If TAPE1l2 has a fixed wavelength
experiment, entries 2, 3, and 4 occur once each, and
NUM=1)

TAPE9 of ABCAL has the following structure, repeated once
for each wavelength channel in a scanning kinetic experi-
ment.
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1. NUM
(1X, 'WAVELENGTH CHANNEL NUMBER', I5)

2. (TIME(J), VARTIM, ABSORB(J), VA(J), J=1,N)
(8E10.4)

3. TIMINF, VARTIM, AINFIN, VARINF
(8£10. 1)

Instead of punching KINFIT data cards from TAPE9,
the user can store TAPE9 as a permanent fille or as an

APLIB tape file.



APPENDIX F

Subrout.ine ORTHPOL

ORTHPOL 1is a subroutine of the program ABCAL (Appendix
E) that fits absorbance A versus voltage V with the equa-
tion

A = A(V) = bgPy + byP (V) +,..., + b5P5(V) (F.1)

0
subJect to certain restrictions regarding inflection points
and statistical significance of the terms. In Equation

(F.1) PO...P are orthogonal polynomlal terms, each with

5
degree 1n V equal to 1its subscript, and bo...b5 are param-
eters whose values are to be determined by ordinary least

squares estimatlion. The orthogonal polynomials are defined

by the following recursion equations (Himmelblau, 1970).

Py (V)

Py (V) = (V=ay)Py_y = Y4By 5, J=1,2,...,5

1

where
ao = YO = Yl = 0
N 5 N 5
ay = kzl kaJ_l(Vk)/kZl Pi_1(V),  3=1,2,...,5
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N
2 2
PL_ (v. )/ P (v ) J=2,35...,5
1 J-1""k kzl j-2 'k

1=

Y'j:k

N = number of calibration points.

These polynomials have the orthogonality property

N

L

PJ(Vk) Pi(vk) =0, i1#jJ for 1, 3J=0,1,...,5. (4.2)

k=1

The use of orthogonal polynomials gives a simple equa-

tion for estimating each b, in Equation (4.1).

J

N

N
b, = ¥ AP.(V,)/ ] P3(V.), 3=0,1,...,5  (4.3)
=1 KJUKRT2, Ik

Ik
Note that SJ depends only on the values of A and PJ for the
N calibration points. This means that the parameters are
completely uncoupled; cov(bi,bJ) =0, 1f 1 # J, (see Appendix

C). The estimated variance of each b, is

J

N
var(bj) = RLS/[(N-M) kZ P§(Vk)]

1

where M 1s the number of polynomial terms being used, and

where RLS is the least squares loss function defined by

R =

e

N 2

k=1
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The advantage of orthogonal polynomials 1s that we can add
and drop terms in Equation (F.l) without reestimating
the remalning terms. Following 1is a Summary of the pro-
cedure in ORTHPOL for determining what polynomial terms
to use in Equation (F.1).

Let the parameters be written as a vector

bT

= (by,by,..sbs).

ORTHPOL determines b once. It then assumes that the

relationship between A and V 1s at least of first degree
in V. Thus bo and b1
It then considers adding a third term from those that

are always 1included in the equation.
remain. (i.e., from 62,83,6u, and 65). It determines which
term, when added to Equation (4.1), gives the greatest
improvement of the fit. The best new term 1s not auto-
matically used, however. It must pass two tests. First

an F test 1s performed to determine 1f the improvement of
the fit is significant at the 95% confidence level. The

F statistic is defined by the equation
F = [P g(q) - Ry o(a+1)1/[R; 4(q+1)(N-q-1)]

where RLS(q) and R q+l) are the ordering least squares

LS(
loss functions for q and (q+l) parameters, respectively.
If all calibration points have uniform variance normally

distributed random measurement errors with expectation
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value 0, then F has the F(1,N-g-1) distribution. The new
term passes first test only if F > F(1,N-g-1), in which case
the new term is significant at the 95% confidence level.
The second test 1s a search for inflection points
in A versus V over the range cf the calibration data. If
the degree of the polynomial 1s less than 3 there is no
need to test for inflections. If the polynomial passes
the inflection test (i.e., no inflections are found)
ORTHPOL considers adding yet another term. Thus, ORTHPOL
returns to the point in the loop where another term 1is
added. If the polynomial fails the inflection test,
ORTHPOL drops the term it was considering and tests the
next best term. The final equation 1s chosen when either
the list of terms to be added has been exhausted or the
equation has one less parameter than the number of experi-
mental points.

Tests 1 and 2 assure that:

1. The terms 1n the final equation are statistically
significant at the 95% confidence level; and
2. There are no unwanted inflection points 1n the

final equation.

On point 2 above, ORTHPOL has flags with which the user
can declide to reject polynomials with only one inflection
point, more than one inflection point, or to bypass the

inflection test altogether. The flags are:



MFLAG

KFLAG

LFLAG

NINC

VMAX

JFLAG
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(1, ORTHPOL automatically chooses a linear
fit; # 1, ORTHPOL considers adding terms to
the linear function up to 5'th degree).

(1, ORTHPOL requires > 2 inflections within
calibration range to reject a polynomialj;

# 1, ORTHPOL requires > 1 inflectlons within
calibration range to reject a polynomial).
(1, ORTHPOL checks for inflections from sol-
vent versus solvent to VMAX; # 1, ORTHPOL
checks for inflections from solvent versus
solvent to highest N.D. calibration point).
Number of divisions into which inflection point
search is divided.

If LFLAG = 1, ORTHPOL checks for inflections
in A versus V from Vsolvent to Vmax‘

(1, No inflection testing is performed; #

1, inflection testing is performed).



APPENDIX G

Documentation of Principal Component

Computer Programs

This Appendlx glves 1nstructions for using the com-
puter programs with which the principal component calcula-
tions in Chapter U4 were performed. These programs are
written in FORTRAN IV to run on the CDC 6500 computer at
Michigan State University.

The following ten programs were used to perform the

calculations in Chapter 4:

1. INTERP - Corrects absorbance-wavelength channel-
time data from ABCAL (Appendix E) for the finite scan
speed of the monochromator. INTERP can also use cutoff
filter data to correct absorbances in the ultraviolet
range for scattered visible 1light.

2. WEIGHTS - Estimates from a scanning experiment
that has no reaction occurring and no spectral averagling
the standard deviation of the random absorbance measure-
ment errors at each wavelength channel.

3. RESOLV1 - Selects from an ABCAL or INTERP output
file the absorbance-wavelength channel-time data that 1s
to be used in a principal component analysis, reads prin-
cipal component wavelength and time weights from cards,

sets up this information for the solution of the eigenvalue

348
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equatlions in RESOLV2, and provides three-dimensional
plotting files of the matrix A and (A - E) for the selected
wavelengths and times.

4, RESOLV2 - Reads from the output file of RESOLV1
the absorbances and welghts for the selected wavelengths
and times, and solves the eigenvalue equation for welghted
M analysls or weighted S analysis, depending on the value
of a flag. RESOLV2 1lists the eigenvalues and the mean cof
the nonessentlial eigenvalues. The output file of RESOLV2
contains the absorbances, weights, eligenvalues, and eigen-
vectors for the principal component analysis. The output
file of RESOLV2 is an input file 1n programs that use
these elgenvectors and eigenvalues.

5. RESOLV3 - Computes from the information on the
output file of RESOLV2 the function Q_/(N-r)(p-r) for
r=1,2,...,7. RESOLV3 lists this function by individual
wavelength channels and for all of the wavelength channels.
RESOLV3 also provides files for three-dimensional plotting
of A(r)’ (g(r) - R), or welghted residuals for r=1,2,3,4,
and n, where n is selected by the user.

6. RESOLVY4 - Computes from the information in the
output file of RESOLV2 the point-by-point values of é(r)
and the weighted residuals for selected wavelength channels
and values of r. The user has the option to obtain line
printer plots of A(r) and A versus spectrum number and/or
welghted residuals versus spectrum number for the selected

wavelength channels.
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7. STATIC - Performs an M or S analysis fit of a
proposed static spectrum to the elgenvectors and elgen-
values from the output file of RESOLVZ2.

8. CONC - Performs an M analysis fit of a proposed
concentration proflle to the eigenvectors and elgenvalues
from the output file of RESOLVZ2.

9. LIMIT2 - Computes from the information in the output
file of RESOLV2 the solutlon bands for the normalized
static spectra and concentration profiles of a two-absorber
experiment or a two-absorber subspace of an experiment.

10. RESOLV6 - Reads from cards either the complete
(mxm) rotation matrix U or the complete (mxm) rotation
matrix V: RESOLV6 then computes V from U, or U from V,
and the static spectra and concentration profiles of the
m linearly independent absorbers.

The instructions for using these ten programs follows.

INTERP
INTERP uses, in addition to data cards, two input files,

called TAPE10 and TAPEll. TAPE1l0 contains the calibrated
absorbances and times for‘the scanning experiment that is
to be corrected. TAPEll contains the calibrated absor-
bances and times for a scanning experiment with the same
conditions as the scanning experiment that is to be cor-
rected, but with a cutoff flilter that absorbs ultraviolet
light inserted in the sample optical path. Both TAPE1lO

and “TAPE11l come from the output file TAPE8 of the cali-

bration program ABCAL (see Appendix E).
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INTERP has one output file called TAPEl2, that has
the corrected absorbance-wavelength channel-time data in
the following format, which 1s similar to the format of
TAPE8 from ABCAL:

1. NAME, KFLAG, NAMCOR (A9,I5,A9)

NAME - the DECTAPE name of the experimental file
that has been corrected.
KFLAG - (=1 i1f the data is corrected only for
finlte scan speed; = 2 1f data 1s also corrected
for scattered light).
NAMCOR - the DECTAPE name of the experimental
file that contains the cutoff filter information
used to correct for scattered light.

(Entries 2 and 3 appear once for each wavelength channel)

2. I,NN (21I6)

I - wavelength channel number
NN - number of consecutive spectra (not including
the infinity spectrum.

3. TCOR(J),ACOR(I,J),J=1,N (020,20X,020)

TCOR(J) - corrected time of the J'th consecutive
spectrum
ACOR(I,J) - corrected absorbance at channel I in

the J'th spectrum.

The following input deck executes INTERP:



Control Cards

1. ATTACH(TAPE1l0, Experiment file to be corrected)

2. ATTACH(TAPEl1ll, Experiment file with cutoff filter)
3. ATTACH(INTERP,INTERP)

4. INTERP.

5

. CATALOG(TAPEl12, pfname)

Data Cards

1. NWLC,ICUT,NWLCOR (3I5)
NWLC - number of wavelength channels 1n the scan-
ing experiment.
ICUT - (=0 if experiment 1s not to be corrected
for scattered light; = 1 if experiment 1s to be
corrected for scattered light)
NWLCOR - number of wavelength channels starting
with channel 1 that are to be corrected for
scattered 1light 1f ICUT=1.

2. AFILT(I),I=1,NWLCOR (10X,E10.4)
AFILT(I) - absorbance of the cutoff filter at

wavelength channel I.

WEIGHTS

WEIGHTS requires an input file called TAPE9, which is
the oﬁtput file TAPE8 from ABCAL of a scanning experiment
with no reaction occurring and with no spectral averaging
(grouping factor =1).

The user specifies NWLC, the number of wavelength
channels 1n the experiment. The following input deck
executes WEIGHTS:



353

Control Cards

1. ATTACH(TAPE9,TAPE8 from ABCAL)
2. ATTACH(WEIGHTS,WEIGHTS)
3. WEIGHTS.

Data Cards

1. NWLC (I5)

RESOLV1

In addition to data cards, RESOLV1 requires an input
file called TAPE9, which contalins the absorbance-wavelength
channel-time data for a scanning experiment, and comes
from either TAPE12 of INTERP or from TAPE8 of ABCAL (if
absorbance 1is not corrected by I<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>