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Transport, the Effect of Light, and the Role of Methylene Blue 

Dean L. Olson' and Alexander Scheeline*$$ 
Department of Chemistly, University of Illinois at Urbana-Champaign, 600 S. Mathews, 
Urbana, Illinois 61801 

Received: May 30, 1994; In Final Form: November 14, 1994@ 

The peroxidase-NADH oscillator examined here initially consists of four chemical components. The well- 
mixed aqueous solution includes native horseradish peroxidase, reduced ,&nicotinamide adenine dinucleotide 
(NADH), methylene blue (MB'), and dissolved oxygen combined in a semi-batch reactor under a set of 
standard conditions. In this system, the macroscopic appearance of the process of oxygen dissolution from 
the gas phase is dependent on km, the mass transport constant of oxygen out of solution. Additional details 
of oxygen mass transport are derived. The amplitude of oxygen oscillations is decreased by continuous 
illumination by the deuterium source of a diode array spectrophotometer. This attenuation effect of light is 
dependent on wavelengths 5248  nm. Initial omission of MB' allows several damped oscillations of small 
amplitude. Subsequent addition of MBf to the oscillator results in oscillations of much larger amplitude. 
MB+ is seen to either directly or indirectly enhance the conversion of peroxidase compound I11 to the native 
enzyme and then inhibit oxygen consumption, allowing the initiation of relatively large, prolonged oscillations. 
MB+ is seen to function either as a system catalyst, or as a peroxidase inhibitor in the oxidation of NADH 
by oxygen. 

Introduction 

Enzyme-based reactions have been implicated as the mo- 
lecular basis of a wide range of cyclic biological functions 
including cellular operations,' biochemical and 
circadian rhythms5 The concentrations of chemical species in 
such systems can vary periodically as a function of time. 
Though a great deal of knowledge exists on the metabolic and 
regulatory properties of enzymes in biological systems, relatively 
few attempts have been made to expand this information into 
realistic models which exhibit nonlinear temporal behavior.6 

The in vitro aerobic oxidation of reduced @-nicotinamide 
adenine dinucleotide (NADH) catalyzed by the enzyme horse- 
radish peroxidase (HRP) is the first single-enzyme system 
directly observed to display cyclic behavior. Under specific 
conditions, the concentrations of several chemical species exhibit 
oscillations as a function of time. First reported in 1965,7 the 
peroxidase-NADH system is one of the few biochemical 
examples among known in vitro oscillators, the majority of 
which are based on inorganic  specie^.^,^ Peroxidase is a 
biologically common heme glycoprotein found in both plants 
and animals,l0 and NADH is ubiquitous in biological systems 
as an electron carrier. Consequently, this system can serve as 
an in vitro analogue for the development of methods and 
principles to directly observe and study the nonlinear dynamics 
of cyclic, biochemical reactions. 

The peroxidase-NADH oscillator traditionally has been 
studied as an open system of five chemical species combined 
in a semi-batch reactor. The well-mixed, aqueous solution 
initially consists of native horseradish peroxidase (Per3+), 
methylene blue (MB'), and 2,4-dichlorophenol (DCP), to which 
NADH and oxygen are added at constant rates. Specific 
conditions result in oscillations in the concentration of numerous 
species over the course of several hours. The peroxidase- 

' olson@c.scs.uiuc.edu. 

@ Abstract published in Advance ACS Absrracts, January 1, 1995. 
scheeline@c.scs.uiuc.edu. 

catalyzed oxidation of NADH 

2NADH + 0, + 2H+ - 2NAD' + 2H,O (1) 

is a dominant reaction. The modifiers MB+ and DCP were 
introduced in 1973l to eliminate oscillatory damping and were 
initially described as having the ability to (respectively) activate 
and sustain the oscillations in an unknown way. Recently, a 
hypothesis was suggested for the chemical role of MB+ which 
involved the catalytic oxidation of NADH by MB+. 1 2 . 1 3  

A significant number of papers on this oscillator have 
appeared which report a variety of nonlinear behaviors, including 
sustained oscillations," bi~tability,'~ and a period- 
doubling approach to chaos.'* Studies of various inorganic 
oscillators have revealed that complex, nonlinear rate laws 
(higher or nonintegral order) are commonly involved in oscil- 
latory chemical b e h a ~ i o r . ~  Autocatalysis or self-inhibition of 
a species is often found, and a delayed feedback mechanism is 
usually required to give rise to oscillations. Oscillatory reactions 
must be maintained far from equilibrium; this is accomplished 
here by continuous addition of NADH and oxygen. Many 
models which include these features have been proposed for 
the peroxidase-NADH o ~ c i l l a t o r . ~ ~ ' ~ - ~ ~  

A standardized model, termed the Urbanalator, was recently 
proposed to describe the simple oscillatory behavior.23 This 
comprehensive, experimentally based chemical model includes 
all initial chemical species and several intermediates. An 
oscillation is caused by the decrease of native enzyme during 
the oxygen increase, where the oxidized form of the enzyme is 
held stable. The transformation of enzyme from the oxidized 
back to the native state occurs near the onset of oxygen decrease 
and is triggered by depletion of the native enzyme and controlled 
via several intermediates, particularly superoxide (Oi-) .  Results 
reported here were obtained before conception of the Urba- 
nalator and contributed significantly to its development. 

Other previous research24 focused on establishing a well- 
defined, controlled, and characterized experimental system to 
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enzyme substrate, glucose-6-phosphate, and the resultant forma- 
tion of its reaction product, 6-phosphogluconolactone.28 This 
adds three new chemical species to the system, yet only an 
unsubstantiated claim is made that the chemistry of the original 
oscillator is unaffected,28 and this claim has been cited in 
additional papers by the same gr0up29330 and by another 
Systematic control of the present semi-batch system allows 
oscillations to be maintained for over 5 h, which makes a CSTR, 
its chemical additions, and its possible complications, unneces- 
sary in these studies. 

Experimental Section 
The experimental system employed here was previously 

characterized and described in detaiLZ4 Unless noted otherwise, 
the standard conditions listed in Table 1, as previously 
discussed,24 were used in all oscillatory experiments. The 
system consists of an aqueous, buffered solution of HRP, and 
methylene blue to which NADH is added at a constant, pulseless 
rate through a capillary from a pressurized reservoir. A mixture 
of oxygen and nitrogen is blown rapidly down onto the well- 
stirred solution. Water evaporation is offset by the influx of 
NADH solution. Dissolved oxygen is monitored using a Clark- 
type probe (Microelectrodes, Inc., Londonderry, NH). The 
electrode allows 0 2  to pass through a semipermeable PTFE 
membrane where it is reduced at a platinum cathode. The 
resultant current is converted to voltage and then to a digital 
signal.24 Oxygen data were taken at intervals of 10 s. The 
oscillatory mixture is contained in a quartz cuvette. A ther- 
mostating jacket for the cuvette rests in the spectrophotometer. 

Note that in this paper, the error associated with a value 
derived from a replicate determination will be expressed as f 
percent RSD, the relative standard deviation in percent. 

Reagents. Horseradish peroxidase was obtained as the salt- 
free lyophilized powder (E.C. 1.1 1.1.7; 90% isoenzyme C; Cat. 
No. 814393, MW = 42 100 g/mol; Boehringer Mannheim, 
Indianapolis, IN). Each HRP shipment was assayed before use; 
the activity is about 300 Sigma ~ n i t s / m g . ~ ~  Methylene blue 
(MB+) was obtained from Sigma as the chloride salt (Cat. No. 

All other chemicals used here are described elsewhere.24 
Throughout this paper, native HRP enzyme will be designated 
Per3+, and compounds 11, I, and I11 will be designated Per"+, 
Per5+, and P e P ,  respectively. 

Illumination. A Hewlett-Packard ultraviolet-visible 8452A 
diode array spectrophotometer and HP 8953 1A software were 
used for all absorption measurements. Kinetics data were 
collected at intervals of 10 s, over an integration period of 
10 s for each data point. 

MB-1). 

TABLE 1: Standard Conditions for the Peroxidase-NADH 
Oscillator 

controlled variable value 

PH 5.10 
buffer 0.100 M sodium acetate 
horseradish peroxidase activity 100 pyrogallol unitslmL 

oxygen mass-transport constant, k., 0.123-0.208 min-' 
(-7.9 pM) 

stirring rate 1300 rpm 
resultant % 0 2  1.50% 

0 2  flow rate (2.10% 0 2 )  

Nz flow rate 
135.7 mL min-' 
54.3 mL min-l 

solution volume 5.00 mL 
solution surface area" 2.9 cm2 
temperature 25.00 "C 

M NaAc) 
reservoir [NADH] and buffer 

NADH delivery rate 

6.37 mM (pH 7.00,O.OlO 

initial 

maintenanceb 

0.59 mM h-I(465 pL h-l, 

0.39 mM h-I (309 pL h-l, 
35 lb in.-2) 

23 lb in.-2) 
[methylene blue] 0 .20pM 
illumination total darkness, or continuous 

deuterium source for 
absorbance data 

[ 2,4-dichlorophenol] zero 

This value is more accurate than the one reported p r e v i o u ~ l y . ~ ~  
The NADH delivery rate was changed from the initial to maintenance 

value at the second minimum observed in dissolved oxygen. 

investigate the oscillator. The enhanced experimental approach, 
now in routine use by this group, includes thorough knowledge 
and careful control of 15 variables required to obtain meaningful 
results. Consistently defined and systematically controlled 
experimental parameters are essential to obtain reproducible 
data. Dissolved oxygen and multiwavelength UV-vis absor- 
bance are monitored simultaneously over time. This multidi- 
mensional approach to data acquisition provides an improved 
experimental basis for more realistic analysis and modeling. 

Under at least one set of conditions, the oscillatory system 
was reduced from five initial chemical components to just four, 
omitting DCP, which presumably simplifies the chemistry of 
the system. However, it is uncertain whether DCP omission 
increases or decreases the likelihood that non-DCP oscillations 
are actually biomimetic. Peroxidase is a phenol-dehydrogenat- 
ing enzyme found in plants and is involved in the initial stages 
of lignin formation.25 Polymerization of phenol monomers (in 
particular 4-hydroxylated cinnamyl alcohols) is initiated by the 
peroxidase-dependent formation of phenoxy radicals.26 Though 
DCP is a nonbiological phenol, DCP and certain other biologi- 
cally related phenols stimulate NADH oxidation by HRP.27 If 
the oscillatory system studied here is a representation of that 
which occurs in real biological systems, it could reveal insights 
into how enzymatically controlled cyclic systems operate in 
nature. The standard conditions used for all of the following 
experiments appear in Table 1 and do not include DCP. MB+ 
is necessary for prolonged oscillations under these conditions, 
but DCP is notz4 

Several papers have a p p e a ~ e d ~ ~ - ~ l  which modify the chem- 
istry of the oscillatory system described in Table 1. An ad- 
ditional enzyme, glucose-6-phosphate dehydrogenase, is added 
which recycles NADf to NADH so that NADH does not need 
to be added continuously. This allows the use of a continuous- 
flow, stirred tank reactor (CSTR), where reactants are continu- 
ously added and withdrawn. The CSTR, widely used in the 
study of other oscillators, can provide long-term maintenance 
of  a reaction far from equilibrium. For the peroxidase-NADH 
system, this CSTR approach also requires addition of a unique 

Results and Discussion 

Oxygen Mass Transport. The process of oxygen mass 
transport is related to the experimental configuration (which 
includes a gashquid interface) used here and in all reported 
studies of the peroxidase-NADH oscillator since its discovery 
in 1965.7 Oxygen dissolution can be described by 

where the rate law is 

(3) 

and [O& and [O& are the bulk concentrations of oxygen in 
the gas and aqueous phases, and k, and k., are the apparent 
mass transport rate constants into and out of solution, respec- 
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Figure 1. Exponential growth of dissolved oxygen used to compute 
k.m, With just Per3+, MB+, and deoxygenated buffer in the cuvette at 
t = 0, the gas stream is switched from pure nitrogen to 1.50% oxygen. 
Dissolved 0 2  is monitored for 25 min and linearized to yield k., = 
0.150 min-' , as shown in the inset and described in the text. 

tively, for the partitioning of oxygen across the gasfliquid 
interface. Initially, the dissolved oxygen concentration [02Iaq 
= 0, and [O& = constant = 613 pM (1.50% 0 2 ,  25 "C). The 
solution is rapidly stirred and gas flow is relatively fast, so the 
equilibration process is not diffusion limited. In addition to 
oxygen diffusion across the interface, the overall measured rate 
of oxygen dissolution is a function of temperature, ionic strength, 
[O& , stirring rate, stirrer position, mixing time, container shape, 
interface area, and solution volume. Furthermore, the electrode 
response is relatively fast, but not instantaneous. (The 90% 
step response time of the electrode in a gas stream is 1 4  s.) 

Since Keq = [02]aq,J[02]g = km/k.m, where [02]aq,w is the 
equilibrium concentration of dissolved oxygen, then 

Standard integration between the limits of [021aq = 0 at time = 
0 and [O2laq at time = t ,  followed by exponentiation and 
rearrangement, gives 

where [021aq,.. = 17.9 pM under the standard conditions used 
in these  experiment^.^^ Rearrangement and linearization of eq 
6 by taking logs of each side will yield -k- ,  as the slope of the 
line of the plot of 1n([02laq,, - [02Iaq) vs time (see Figure 1). 
Earlier, we mistakenly claimed that the slope was the forward 
mass transport constant, -k,.24 However, as demonstrated here, 
it is the reverse constant, -k,, which is obtained directly from 
the slope, and k, is subsequently computed from k., and the 
equilibrium constant. This counterintuitive outcome stems from 
the initial conditions (an open system, since [O& = constant) 
and the equilibrium model of the ~ y s t e m . ~ ~ , ~ ~  

Differentiation of eq 6 results in 

Substitution from eq 4 allows eq 7 to be rewritten as 

which shows that the initial rate of increase in dissolved oxygen 

(as t - 0) is proportional to k, and [O&, which is more in 
agreement with intuitive expectations. However, eq 8 also 
shows that as equilibrium is approached, the rate of oxygen 
influx is attenuated by the exponential factor which is dependent 
on k.,, the apparent mass transport constant of oxygen out of 
solution. 

The oscillator initiation procedure involves purging the 
solution with nitrogen; the 1 S O %  oxygen stream is then turned 
on and nearly immediately [O2lg = 613 pM under standard 
conditions. Dissolved oxygen is monitored from 0 to 25 min 
(see Figure l), and the resultant first-order exponential growth 
plot is linearized using eq 6. [02Iaq,- is optimized to yield a 
minimum error in k-,; typically, k., = 0.150 min-' f 0.05%.24 
The excellent linearity indicates that the oxygen mass transport 
and dissolution process is first order under stirred conditions. 
Since Keq = km/k., = 0.0292 (at 25 "C, 0.1 M ionic strength; 
computable from oxygen solubility  table^),^^,^^ then typically, 
km = 0.0044 min-I. The resultant rate expression for the mass 
transport of oxygen at 25 "C is 

d[021a,ldt = km[O,lg - k-,[O,Iaq = k-m(K,q[OJg - [OJaq) 

(9) 

where k., = 0.150 min-', Kes = 0.0292, [O& = 613 pM, and 
[Ozlaa is in pM. It is important to distinguish the influx of 
oxygen across the gasfliquid interface from the level of dissolved 
oxygen in solution. When the dissolved oxygen concentration 
is low, the gasfliquid oxygen gradient is high and the rate of 
oxygen influx across the interface is high (see eq 3). Con- 
versely, when the dissolved oxygen level is high, influx is low. 

Numerical i n t eg ra t i~n~~  of the rate law for oxygen dissolution 
using the typical values for k., and km stated above results, of 
course, in an exponential growth curve virtually identical to 
experimental data. Incorrect assignment of the measured rate 
constant (i.e., k, = 0.150 min-'; k., = 5.17 min-') significantly 
changes the curve. The result is still exponential and has the 
correct maximum, but analysis of eq 8 shows that such a plot 
has an initial slope too high by a factor of 0.150/0.0044 34, 
and a half-life shortened to 0.13 min, compared to the correct 
half-life of 4.6 min. This highlights the danger of using scaled 
rate constants which can yield good qualitative agreement with 
experimental data, but very poor quantitative agreement. 

In many past s t ~ d i e s , ~ ~ - ~ ~  the mass transport constant, k.,, 
was often designated kt , and described as a diffusion constant 
in the expression 

oxygen diffusion rate = k,([O,la,,, - [O,],,) (10) 

This is similar in form to eq 5 but does not actually represent 
a diffusion rate. In the type of stirred system used in studying 
peroxidase-NADH oscillations, the oxygen dissolution process 
is mass-transport limited and not diffusion limited, as evidenced 
by the fact that an increase in stimng rate causes an increase in 
k.m.24 Were the process of oxygen dissolution presented in 
Figure 1 diffusion limited, k., would be unaffected by an 
increased stirring rate and the equilibration time would be much 
faster. The mass-transport limitation is what makes the 
equilibration process rather slow. 

In modeling efforts over the years, the connection between 
the experimentally measurable constant, k.,, and the conceptu- 
ally identical k, used in several models does not seem to have 
been made. Though kt has been measured in some studies, the 
measured value is seldom used in a subsequent 
Unreasonable values have been used in models for the oxygen 
mass transport constant, such as k., = 6 min-', 39 and k., = 60 
min-1.43 In other instances, k., was set equal to 0.1175,36,54-47 
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0.1,37,40,42,47-48 or 5 x 49 and then used in a model with 
dimensionless variables. In one case, the experimentally 
measured value of k., = 0.240 min-' was correctly used in the 
model.50 (This same paper, however, uses an HRP concentra- 
tion of 60 pM in their model, compared to 0.7 pM HRP used 
in their experiments.) In addition to inconsistencies regarding 
k-,, the relationship between the forward and reverse rate 
constants provided by the calculated equilibrium constant, Keq 
= km/k.m = 0.0292, has been ignored. In some models, Kq 
was used indirectly, and set equal to 136,42,48 or 8.46 In several 
instances, even though Kq was apparently used in a particular 
model, its value cannot be calculated from the specified 
i n f ~ r m a t i o n . ~ ~ , ~ - ~ ~ . ~ ~  Relatively small differences in tempera- 
ture and ionic strength used in various experiments cannot 
account for these wide discrepancies. For instance, when Keq 
= 8, it is larger than the actual Kq by a factor of 275. This 
suggests that either the true value of Keq was entirely unrecog- 
nized, or Keq (or the variable equivalent to k-,) was varied as a 
model parameter to yield desirable results. Aside from mis- 
understandings regarding oxygen mass transport, many oscil- 
latory models do not even consider it.19351-52 

A comprehensive model must include the correct expression 
for the mass transport rate of oxygen as shown in eq 9, where 
k.,,, is defined in reaction 2 and experimentally measured as 
briefly described above (and in detail e l ~ e w h e r e ~ ~ ) .  Since 
oxygen is an important, if not master, variable in peroxidase- 
NADH oscillations, its proper inclusion in an experimentally 
based model is ~ r i t i c a l . ~ ~ , ~ ~  

Since k., is an apparent mass transport constant, it is a 
function of temperature. Any experiment which examines the 
effect of temperature on oscillations would need to compensate 
for the resultant change in k., by altering some other expen- 
mental parameter which affects k., (see Table 1). For instance, 
when the temperature is increased from 25 to 35 "C, [0&,- 
decreases 15.7% to 15.1 pM, and Keq decreases to 0.0254 
(computable from ref 33). Any observed effect due to a change 
in temperature would be a convolution of the changes in 
temperature, k-,, and oxygen solubility, and not just temperature 
alone, as has been ~ l a i m e d . ~ ~ ~ ~ ~  

Mass-Transport Constant, Induction Time, and Oscilla- 
tory Periods. The induction time is defined here as the time 
from the initial point of NADH influx to the first minimum in 
dissolved oxygen. The induction time and the period of the 
first oxygen oscillation were measured for 18 oscillatory runs 
(9 illuminated continuously by the deuterium lamp and 9 in 
darkness). The k., value was determined for each individual 
experiment, but irreproducibility across the series caused k., 
values to range from 0.141 to 0.208 min-'. Except for this 
uncontrolled variation in measured k-,, the runs were performed 
under standard conditions (Table 1). The variation in k., (mean 
= 0.165 f 12.0% overall) is thought to originate from an 
inability in the present system to position the stirring device in 
the cuvette with high spatial repr~ducibil i ty.~~ Figures and 
additional details appear in the supplemental material. 

Because of the irreproducibility in achieving a particular 
oscillatory period, any study of the peroxidase-NADH oscillator 
which investigates the effect of a variable on oscillatory period 
must first examine the reproducibility in the period among 
individual experiments. In one case, for example, a 50% 
increase in period was attributed to the isotope effect between 
the use of NADH and its deuterated form, NADD, but period 
reproducibility was und~cumen ted .~~  Without investigation of 
the precision of the particular apparatus used, any conclusion 
about how an experimental variable affects oscillatory period 
will remain uncertain. 

A, (Per]') I 
, 

0 60 120 (80 240 300 360 
Tlms (min) 

Figure 2. Standard oscillatory run under continuous illumination. 
Shown here are dissolved oxygen, Am(Per3+), and Am(Pefl+) for the 
standard conditions listed on Table 1. The oxygen trace in this run 
also appears as the middle trace in Figure 3. This data set is excerpted 
from Figure 7 in ref 24. 

I 
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Figure 3. Illumination effects on the peroxidase-NADH oscillator. 
The top trace was performed under the standard conditions described 
in Table 1, without illumination. The middle run was made mder 
identical conditions except with continuous illumination from the 
deuterium lamp in the spectrophotometer. The top two data sets are 
offset for clarity of presentation. The bottom run shows the effect of 
an onlofflon sequence of illumination under the same conditions. The 
lamp was off from 89.50 to 150.83 min. Peaks are numbered for 
comparison. 

Oscillatory Damping. Figure 2 shows a standard, il- 
luminated run including data for oxygen, A402(Per3'), and A418- 

(Pefl+). The amplitudes of all oscillations decrease over time, 
and the oxygen level eventually settles to a low steady state. 
The absorbance at the two characteristic enzyme wavelengths 
decreases substantially over the course of 6 h of oscillations, 
indicating significant alteration (presumably denaturation) of the 
enzyme. The decreases in the A402 and A418 maxima and minima 
are nearly linear, which signifies a zero-order process of enzyme 
depletion. The reason for enzyme depletion is presently 
unknown, but it could be due to attack by free radicals or H202.56 
Additional discussion of oscillatory damping appears in the 
supplementary material. 

Effect of Light on Oscillations. Figure 3 shows the overall 
effect of continuous illumination from the deuterium lamp on 
oxygen oscillations. The upper trace was taken in total darkness 
and shows damped oscillations for some 6 h. In this standard 
run, each successive oxygen amplitude, period, rising slope, and 
trailing slope is smaller than the one before. The second trace 
was obtained under continuous (unpulsed) illumination, but 
otherwise identical conditions, and demonstrates that the full 
spectrum of light emitted by the lamp that penetrates the sample 
cuvette decreases the amplitude of oxygen oscillations by about 
22%. The total lifetime of the oscillator is largely unchanged, 
but the periods are slightly increased. In the lower trace of 
Figure 3, the beam path was initially unobstructed, then totally 
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Figure 4. Addition of methylene blue. Simultaneous oxygen and 
absorbance data. (a) An oscillatory run was initiated under standard 
conditions with continuous illumination, but with the omission of 
methylene blue; k., = 0.145 min-I. At f = 60 min, MBt was added to 
bring its concentration to the standard 0.2 pM. The oxygen spike from 
the MBf aliquot can be seen easily in the oxygen trace at 60 min. (b) 
Same data plotted on an expanded time scale. 

blocked and unblocked, as shown. The attenuation effect of 
light on the oscillations is clearly demonstrated by a 36% 
increase in oxygen amplitude upon blockage of the light source. 
This raises the possibility that a spectroscopic experiment that 
involves periodic measurements which result in pulsed light 
exposure could excite or entrain the oscillator into some new 
type of beha~ior .~ '  This is worthy of additional investigation, 
but continuous illumination has been used in all spectroscopic 
experiments in the current and most recent Note in 
Figure 3 that the single perturbation of blocking the beam for 
eight periods caused oscillations to cease significantly earlier 
than in the other two cases. Use of cutoff filters revealed that 
the illumination effect is due to light of wavelength of 5248 
nm. Additional details, figures, and possible explanations appear 
in the supplemental material. 

It should be noted that the reduced P-NADH used here forms 
a complex mixture of as many as six major products under 
mildly acidic  condition^,^^ including its a anomer.59 Since the 
half-life of apparent NADH degradation under illuminated 
conditions is about 2 h 20 min at pH 5.10,24 it is expected that 
during an oscillatory run, a substantial portion of P-NADH is 
transformed to other compounds in addition to its simple 
oxidation product, P-NAD+. The effect of the presence of this 
complex family of P-NADH degradation compounds is un- 
known and entirely uninvestigated. 

Omission and Then Addition of MB+. The oscillator was 
initiated in the conventional manner:4 under the conditions of 
Table 1, but without the standard 0.2 p M  MB+. Figure 4 shows 
spectroscopic and oxygen data first without MB+ and then 
followed by addition of MB+ at 60 min. The spectrophotometer 
was blanked (at all wavelengths) just prior to the beginning of 
NADH influx. Relative absorbance is therefore measured with 

respect to the initial conditions which exist just before NADH 
influx is begun at t = 0. Recall that the NADH influx is 
relatively fast until the second oxygen minimum and then it is 
decreased to a maintenance level when the second oxygen 
minimum is observed and not changed again (Table l).24 In 
the initial 60 min of Figure 4a, some 13 relatively highly 
damped, small-amplitude oscillations were seen. 

At 60 min, MB+ was injected into the mixture to achieve 
0.2 pM MB+ (45 p L  of 22.2 p M  MB+). The MB+ aliquot is 
dispersed quickly; previous work showed that for this system 
stirred at 1300 rotations/min (rpm), the mixing time is 50.6 
s.24 A small spike from the oxygen in the aliquot serves as a 
marker on the oxygen trace in Figure 4a. The oxygen spike at 
60 min in Figure 4a appears as a hump on the expanded scale 
of Figure 4b. Oxygen returns to its pre-spike value before it 
begins to increase to begin the next oscillation. Nearly 
immediately after the addition of the MB+, NADH (as moni- 
tored at A308 ) drops slightly, but sharply, apparently due to the 
small oxygen spike in the MB+ aliquot. The absorbance of 
NADH at 308 nm then gradually increases. For comparison, 
note that A360 reaches a minimum after the MB+ addition and 
then rises gradually, but A308 reaches a minimum perhaps 20 s 
later, before increasing. Clearly, A308 and A360 do not monitor 
identical species. A308 has been claimed to be the best 
wavelength for NADH (most spectrally pure) in the presence 
of HRP species,19 so A360 is probably a sum of NADH and other 
species, perhaps the native enzyme. In the past,24 A360 was used 
to monitor NADH because it is less sensitive than 340 nm, the 
wavelength commonly used to monitor NADH a b ~ o r b a n c e . ~ ~  

After the MB+ addition, the absorbance of native Per3+ 
(followed at Am2) first slightly decreases, then sharply increases. 
PeI6+ (A418) does essentially the opposite, first slightly increasing 
before it plummets downward. The slight changes in A402 and 
'4418 in the first 30 s after MB+ addition are probably due to 
the oxygen spike in the MB+ aliquot. It would be expected 
that an oxygen spike would consume NADH and result in the 
conversion of native enzyme to Per6+. This is precisely the 
series of events seen in Figure 4b in the 30 s immediately 
following MB+ addition. After a lag time of about 30 s, the 
absorbance increases for Per3+ and decreases for Per6+. Only 
after a lag time of 60 s is an increase seen in the level of oxygen 
along with a corresponding increase in the apparent NADH 
concentration, indicating a reduction in NADH consumption. 
Note that P e P  and Per3+ have reached their respective minima 
and maxima about 1 min after MB+ addition ( t  = 61 min), but 
oxygen is just starting to rise, accompanied by a more gradual 
increase in Per6+ and a decrease in Per3+. The most rapid 
changes in the enzyme absorbance occurred in the interval of 
30-60 s after the MB+ addition, as easily seen in Figure 4b. 
The direct or indirect effect of MB+ addition is to first enhance 
the conversion of PeP+ to Pe$+ and then inhibit the consump- 
tion of oxygen and NADH, which results in the initiation of 
relatively large and prolonged oscillations. 

After MB+ addition, oscillations continued for approximately 
4 h. Oscillations after the initial omission, then later addition 
of MB+ (as in Figure 4a) are indistinguishable from oscillations 
where MB+ is present initially.24 In Figure 4a, the slopes of 
some of the large, sharp changes in A402 (increases) and A418 

(decreases) were examined. For each portion of the data set, 
the slopes of the initial two oscillations without MB+, and the 
slopes of the first two oscillations with MB+ present were not 
significantly different. It should also be noted that the addition 
of MB+ caused the periods to increase by about a factor of 2.5.  
This, too, suggests an oveIall inhibition of oxygen and NADH 
consumption after MB+ addition. 
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rate constant of k = 5.21 M-' s-l.13 MB+ also enhances NADH 
degradation at lower pH values with a rate constant of k = 18 
M-' s-l at pH 8.62 In both cases, the initial dissolved oxygen 
concentration was 249 pM (from saturation with air). The 
MB+-catalyzed oxidation of NADH yields H202 from the 
reduction of oxygen by the reduced form of MB+. This reaction 
could be the initial source of H202 in the oscillator. However, 
our studies at pH 5.10, 0.1 M NaAc, under conditions of 17.9 
pM oxygen (corresponding to saturation with 1.50% 0 2 )  using 
the standard 0.2 pM MB+ show only a small enhancement of 
the pseudo-first-order degradation rate constant for NADH as 
monitored at 340 nm. We earlier showed that under continuous 
illumination (100% illumination duty cycle from the spectro- 
photometer lamp), and at pH 5.10, 25 "C, in the absence of 
MB+ and oxygen, the pseudo-first-order rate constant for the 
degradation of 0.1 mM NADH was KDJW = 8.30 x 10 - s-l 
f 4.9%.24 An otherwise identical triplicate determination in 
the absence of MB+, but in the presence of 17.9 pM 0 2  (under 
humidified 1.50% 0 2 )  gave KDJW = 8.58 x 10 - s-l f 4.1%. 
These two values do not differ significantly at the 90% 
confidence level using the computed t-test statistic for com- 
parison of means.63 In addition, an otherwise identical triplicate 
determination in the presence of 0.2 pM MB+ and 17.9 pM 0 2  

gave ~ ' D J W  = 9.11 x 10 - s-' f 4.7%. These last two rate 
constants do not differ significantly at the 90% confidence level. 
However, the rate constant for NADH degradation in the 
absence of MB+ and 02, and the same constant in the presence 
of 0.2 pM MB+ and 17.9 pM 0 2  do differ significantly at the 
90% (but not the 95%) confidence level. So, under otherwise 
identical conditions, upon addition of MB+ and 0 2  , the NADH 
degradation rate constant increased 9.8%, barely a statistically 
significant increase. As evidenced by the phase portrait in 
Figure 5a, the slight increase in NADH degradation caused by 
the addition of 0.2 pM MB+ at pH 5.10 has little outward effect 
on the relative reactivity between NADH and oxygen. None- 
theless, such a seemingly small effect could lead to a large 
change in the overall behavior of a nonlinear system. The 
possibility remains that addition of MB+ significantly perturbs 
the oscillator via a slight increase in the rate of NADH 
degradation and subsequent H202 production. 

In Figure 5b, the relation of oxygen to Per6+ (A418) is shown 
before and after MB+ addition. Before MB+ is added, the 
absorbance of PeP+ changes substantially during an oscillation, 
while the oxygen level changes a relatively small amount (0- 
0.5 pM). But, after MB' addition, the phase portrait takes on 
a different shape, and the ratio of the oxygen amplitude to the 
A418 amplitude has substantially increased. To quantitatively 
demonstrate the relative changes in 0 2  and A418 before and after 
MB+ addition, it is useful to compute the ratio of AOdhA418 
for a corresponding pair of oscillations. Let the ratio for the 
rise (R,) and fall (Rf) be referenced to the oxygen oscillation. 
As an example, for the third oxygen oscillation after t = 0 
(before MB+ addition), and its corresponding ,4418 oscillation, 
R, = 2.77 and Rf = 3.46. In contrast, for the third oxygen and 
A418 oscillations after MB+ addition, R, = 10.5 and Rf = 10.5. 
So, R, increases by a factor of 3.8 upon MB+ addition, and Rf 
increases by a factor of 3.0. So, A02 increases with respect to 
the corresponding h i 4 1 8  upon addition of MB+. 

The phase portrait in Figure 5b and the analysis of ratios 
suggest that MB + alters, either directly or indirectly, the reaction 
between oxygen and the enzyme in a way that inhibits 0 2  
consumption. The MB+ addition data in Figure 4 clearly 
demonstrate that oxygen consumption is inhibited by addition 
of MB+. The overall result of the presence of MB+ is to 
decrease oxygen consumption, thereby allowing an increase in 

-7 .8 .9 1 1.1 1.2 1.3 1.4 1.5 1.6 
A, ( NADH) 

- 0- 
-.l 0 .1 .2 .3 .4 .5 .6 .7 

A.18 (Per") 

Figure 5. (a) Phase portrait for oxygen and NADH (A308). (b) Phase 
portrait for oxygen and PeP+ (A418). Data from Figure 4 in the region 
22-120 min including the addition of MB+, as indicated. 

The experiment and results depicted in Figure 4 are generally 
similar to experiments which substituted NADPH for the NADH 
used here and also utilized glucose-6-phosphate dehydroge- 

In addition, one of the studies used lactoperoxidase 
in place of HRP.60 Figure 4 presents the first such data for the 
HRP-NADH system. 

Three observations suggest that MB+ functions as a catalyst. 
First, MB+ is present in a relatively small concentration 
compared to other species present initially, but oscillations 
persist for several hours, implying that MB+ is recycled. 
Second, adding an additional 0.2 pM MB+ after oscillations 
have completely damped does not revive oscillatory behavior 
(data not shown), so apparently oscillations cease for a reason 
other than MB+ depletion. Third, a small amount of MB+ has 
a dramatic effect on dynamics, as is often the case with a 
catalyst. Larger amounts of MB+ seem to have the same effect 
as 0.2 pM. Only recently has MB+ been included in a model 
of the peroxidase-NADH os~i l la tor .~~ Since a catalyst increases 
the rate of a reaction, it must appear in the corresponding rate 
expression, and can often appear in a higher power than it does 
in the stoichiometric reaction.61 The fact that a species is a 
catalyst does not warrant its omission from rate equations or 
models (as has been claimed4'), but indeed, makes its inclusion 
even more important. 

Phase Portraits and MBt Addition. The phase relations 
among oxygen, NADH (A308), and PeF+ are explored in 
Figure 5. In Figure 5a, addition of MB+ causes the general 
appearance of the peaks to change from small peaks with loops 
to much larger peaks that still cross back on themselves. 
According to the phase portrait in Figure 5a, the interaction 
between oxygen and NADH does not fundamentally change 
upon MB+ addition. 

In contrast, it was shown that MB+ catalyzes the aerobic 
oxidation of NADH by oxygen at pH 9, with a second-order 
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oxygen amplitudes. Since addition of MB+ is seen to cause 
the inhibition of oxygen and NADH consumption, MB+ could 
function as an inhibitor of a reaction which consumes oxygen 
or NADH. This suggests that MB+ could act as a peroxidase 
inhibitor in the oxidation of NADH by 0 2 .  The other possibility, 
as discussed before, is that MB+ could operate to increase the 
extent of some existing reactions, which supports the earlier 
suggestion that MB+ serves as a catalyst. Exactly what MB+ 
might inhibit or catalyze and why oxygen consumption de- 
creases when MB+ is added remain open to investigation. Other 
phase portraits only indicate an increase in oscillatory amplitude 
among the interactions of Per3+/PeP+, NADWPeP+, and 
NADWOz upon addition of 0.2 p M  MB+ (see supplemental 
material). Other reactions of MBf are discussed in the 
supplemental material. 

Conclusions 
In the peroxidase-NADH oscillator system described here, 

it was derived that the macroscopic appearance of the process 
of oxygen dissolution from the gas phase is dependent on k-,,,, 
the mass-transport constant of oxygen out of solution. Oxygen 
dissolution is mass-transport limited and not controlled by 
diffusion. The rate expression for the mass transport of oxygen 
under the conditions of these experiments appears in eq 9. 
Neither the induction time of the oscillator, nor the period of 
the first oscillation is proportional to k., (see supplemental 
material), which is not a well-controlled variable under usual 
conditions. 

The amplitude of oxygen oscillations is decreased about 22% 
under continuous illumination by the deuterium source in the 
diode array spectrophotometer used here for absorption mea- 
surements. This attenuation effect of light is dependent on 
wavelengths I 248 nm. The effect of light from the deuterium 
lamp which increases the autodegradation rate constant of 
NADH is also due to wavelengths below 248 nm (see 
supplemental material). The involvement of free radicals in 
this effect is suggested. 

Initial omission of methylene blue in the oscillator allows 
several damped oscillations of small amplitude. Subsequent 
addition of MB+ results in oscillations of much larger amplitude, 
revealing that MB+ is the key to establishment of prolonged, 
relatively large oscillations. MB+ is seen to either directly or 
indirectly enhance the conversion of PeP+ to Per3+ and then 
inhibit oxygen consumption. Phase portraits suggest that MB+ 
changes the chemical interaction between oxygen and the 
enzyme. Addition of MB+ causes the change in oxygen 
concentration in a given oscillation to increase by about a factor 
of 4 compared to the corresponding change in enzyme concen- 
tration. MB+ could operate as a catalyst to increase the 
amplitude of oscillations, or as an inhibitor of peroxidase to 
decrease the consumption of 0 2  in the enzyme-catalyzed 
oxidation of NADH. MB+ could also have a dual role as 
catalyst of one reaction and inhibitor of another. 

Many questions remain about the chemical basis of the 
peroxidase-NADH oscillator, but the systematic experimental 
strategy taken here has uncovered fresh insights about its 
fundamental aspects.23 It is clear that MBf plays a major role 
in the commonly observed, relatively large oscillations of the 
peroxidase-NADH system. This work should allow easier 
corroborative efforts and lead to an improved model based on 
stronger correlation between theoretical predictions and experi- 
mental conditions and results. Pursuit of these goals should 
lead to an improved ability to investigate, understand, and 
eventually control or modify the role of enzymes in the 
regulation of oscillatory reactions and cyclic processes in 
biological systems. 
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