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A method for the determination of enzyme activities in turbid suspension is
described, based on the use of a double beam or double wavelength spectrophotometer
in one or two cell mode. It measures the disappearance of NADH, coupled to the
activity of the enzyme, at a 340 wavelength or at a 340 minus 374 mp. wavelength
pair. The method has been applied to the determination of pyruvate kinase activity,
in the presence of isolated mitochondria, and other possible applications are discussed.

The measurement of the activity of
several enzymes is based on the coupling
of the enzyme to a series of enzymatic
reactions which end in the reduction of
NAD or the oxidation of NADH (2).
These methods are based on the spectro
photometric measureemnt at 340 mp. of
the appearance or disappearance of NADH
in transparent solutions which are pro
vided with all the chain of reactans and
triggered with the addition of the en
zyme (2).

New developments in the field of met

* This work was supported by Grant 12-
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abolic control have prompted studies of
the competition between soluble enzymes
and isolated organelles (9) and studies on
the measurement of enzymes in situ in
«permeabilized» cells (6, 8). For these
studies the availability of a method for
measuring the activity of enzymes present
in solutions within cell suspensions or in
suspensions of cell organelles which have
a high turbidity would be highly desirable.

We describe here a method designed to
measure in turbid suspensions,- enzyme
activities by coupling them to NADH
disappearance and by using a double
beam spectrophotometer set at 340 mu, or
a double wavelength spectrophotometer
set at 340-374 mu. The method has been 
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successfully applied to the study of the
competition between mitochondria and
pyruvate kinase (9) and could represent a
new tool in future studies of metabolic
control when applied to other enzymes
and turbid systems.

Materials and Methods

Lactic acid was determined by the
method described by Hohorst (10) in the
supernatant of samples treated with 12 %
perchloric acid and neutralized with 6N
KCO3H. Pyruvate kinase was assayed as
described by Beigenherz et al. (11), using
the assay medium described below at
22° C, pH 7.2. A unit of enzyme activity
was defined as the amount of enzyme
which produces a /xmole of pyruvate per
minute at 22° C, pH 7.2, in this medium.

Rat liver mitochondria were isolated
essentially by the method of Schneider
(11). The respiration and coupling of the
mitochondria were measured as described
by Estabrook (5). The assay medium for
the incubation of mitochondria together
with the enzymes was composed of 250
mM sucrose, 10 mM Tris HC1, 7 mM
MgCl, 5 mM Tris Pi, 20 mM KC1 (pH 7.2,
22° C). Enzymes were purchased from
Boehringer. A.G. Substrates and cofactors
were purchased from Sigma Co. Mito
chondria protein was measured as des
cribed by Gornall et al. (7).

Double beam-double wavelength spec
trophotometer. Although the double
beam-double wavelength spectrophotome
ter was described by Chance (3), not
many laboratories are well acquainted
with double wavelength spectrophotome
try. Also, double beam spectrophotome
ters exist widely while double wavelength
spectrophotometers are scarcer and higher
priced.

The spectrophotometer used throughout
all of the study was the Hitachi-Perkin
Elmer 356 doublc-beam-double wavelength
spectrophotometer and was used in the 

double-beam and the double mode, de
pending on the case. In essence, this
recording, ultraviolet-visible, spectropho
tometer, splits the light radiating from the
light source in two parts which are dis
persed by means of a monochromator
which includes two independently moveable
gratings, thus giving birth to two beams
of light having wavelengths Xi and X2
respectively. After being modulated with
a chopper, (60 cycles) the two beams pass
independently through graduating dia
phragms (optical attenuators Xt and X2)
and are both focused in a location where
the cell is placed (double wavelength-one
cell mode) or each beam can be focused
separately in a different cell (double
wavelength-two cells mode). By means of
the chopper modulation, the beams strike
sequentially and alternatively on their
focusing point, about 17 miliseconds apart
from each other. After the beams traverse
the cell or cells their light intensity is
detected by a photomultiplier placed very
close to the cell or cells. The photomulti
plier and electric amplification system
separately recognize the intensity of both
beams by means of a time sharing device
which is synchronized with the modulating
chopper. Each beam is converted to an
electric siganl and the signal correspond
ing to the beam Xj is subtracter from the
signal corresponding to beam X2, and the
difference is recorded. Thus, in the double
wavelength-one cell mode, the apparatus
records, the absorbancy of the sample at
X, m/x minus the absorbancy of the sam
ple at X, m/z. In the double-wavelength-
two cells mode, the apparatus records the
absorbancy of the sample placed in the
cell passed through X2 minus the absorban
cy of the sample placed in the cell passed
through Xj. The wavelength pair, X2-Xi is
usually selected in a way so that X2 corres
ponds to the peak of absorption of the
substante to be measured and X, corres
ponds to a wavelength in which the non-
specfic absorption of the turbid sample
can be substrated. In the double beam



ENZYMATIC MEASUREMENT IN TURBID SUSPENSIONS 283

mode A, and A2 are made equal and
therefore, two cells are always used, one
cell with the sample plus the reference
material and the other cell only with the
reference.

The calibration of the apparatus is set
to record quantitatively in optical density
units, by means of the use of the optical
attenuators. When the sample or samples
are placed in the cell or cells, the ab
sorbancy at both wavelengths are made
equal by adjusting the optical attenuators.
For example, if the absorbancy at A2 is
higher than the absorbancy at Au the
optical attenuator of A2 is closed so that
the beam A2 becomes thinner. Thus, the
difference between the absorbancy at both
wavelengths in made zero and the signal
in the recorder corresponds to zero optical
density. Any increment in absorbing
material in the sample or any decrease of
absorbing material in the sample would
be represented by increasing (positive)
or decresing (negative) optical density
variations respectively which can be re
corded in the electrically precalibrated
scales of the apparatus. Any variation in
optical density is always the result of the
difference of absorbancy af both wa
velengths.

Results

The principle of operation of the dual
beam spectrophotometer permits the de
termination of small variations of optical
density in turbid samples. Using the double
wavelength mode, very small variations of
optical density in very turbid samples can
be recorded. Thus, this spectrophotometer
can be applied to measure the activity of
an enzyme present in a turbid suspension
as long as the enzyme activity could be
coupled to the appearance or disappear
ance of a chromophore with a specific
peak of absorption and as long as the
turbid material has a stable absorbancy.

As several enzymes can be measured
spectrophotometrically, coupled to the

disappearance or appearance of NADH,
we selected NADH as the chromophore.
On the other hand, as isolated mitochon
dria form suspensions of high turbidity,
and the mitochondrial membrane presents
a number of highly absorbing pigments,
isolated mitochondria were selected as a
source of turbidity.

Figure 1 offers a description of the
performance of the dual wavelength
spectrophotometer, detecting varying con
centrations of NADH in the presence of
high turbidity caused by the addition of
mitochondria. The spectrophotometer was
used in the dual wavelength-two cells
mode. The sample cell was passed through
a beam at 340 m/z and the reference cell
was passed through a beam at 374 m/z.
The experiment had the same results when
using the double beam mode, using 340
as the wavelength.

The upper left graph of figure 1 repre
sents the optical density changes record
ed, increasing the concentration of NADH
in the sample cell in the presence of
various amounts of mitochandria present
in the sample and reference cells. Ro
tenone was present in both cells to inhibit
mitochondrial respiration and therefore
keep endogenous mitochondrial pyridine
nucleotides completely reduced. The refe
rence cell canceled out all turbidity be
cause, prior to the NADH addition to the
sample cell, the difference of the absorp
tion of mitochondria between both cells
was made zero through optical attenua
tion. The graph shows that the change in
optical density is linear with increasing
concentrations of NADH in spite of the
presence of increasing amounts of mito
chondria. However, this linearity is only
conserved between 0.0 and 0.1 units of
optical density. As shown in the upper
right graph of figure 1, the linearity does
not occur for higher NADH concentra
tions in the presence of different amounts
of mitochondria. This lack of linearity is
due to the different optical attenuation
for each beam at each mitochondrial
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Fig. 1. Double-wavelength-two cells mode operation.
Upper graph: Increase of optical density with increasing NADH concentration in the presence
of different amounts of mitochondria inhibited by 10 /iM Rotenone. The NADH was added
to the sample cell; the final volume was 3 ml. Left: O; no mitochondria; •: 1 mg protein/ml;
A: 2 mg protein/ml; □: 3 mg protein/ml; A: 6 mg protein/ml. Lower graph: Decrease in
optical density per minute with addition of, left: 10 milliunits of pyruvate kinase in the
presence of different amounts of mitochondria and a coupling system composed of 30 /zM
NADH, 5 mM phosphoenol pyruvate, 1 mM ADP, 0.5 units/ml lactic dehydrogenase and
10 /xM Rotenone. Right: different amounts of pyruvate kinase in the absence (O) or presence

(A) of 6 mg mitochondrial protein/ml. For more details, see text.

concentration. Thus, the linearity, in the
absence of mitochondria (clear circles,
upper right graph) reaches almost 1.0
optical density. The linearity with 1 and
3 mg mitochnodrial protein per ml (black
circles and clear triangles) reaches 0.5
optical density and the linearity in the
presence of 4 and 6 mg of mitochondrial
protein per ml (black triangles and cros
ses) only reaches 0.1 optical density. This
means that for high turbidity the double
beam or double wavelength two cells 

method can only be used to measure very
small concentrations of NADH or for
measuring initial rates of NADH disap
pearance.

The lower left graph of figure 1 repre
sents an experiment in which the activity
of 40 miliunits of pyruvate kinase per
ml was measured in the presence of in
creasing mitochondrial concentrations. In
this experiment, both cells had the indica
ted mitochondria and the appropriate
amounts of phosphoenol pyruvate, ADP 
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and lactic dehydrogenase to couple the
activity of pyruvate kinase to NADH
disappearance. The sample cell was cali
brated by adding 30 /zMolar NADH and
the reaction was started by adding the
aliquote of pyruvate kinase to the sample
cell. The enzyme activity was recorded in
optical density and in less than one
minute, all NADH disappeared. The
graph shows that the activity of the en
zyme was constant in spite of increasing
the concentration of mitochondria. The
lower right graph of figure 1 depicts a
similar experiment in which increasing
concentrations of the enzyme were meas
ured in the absence (open circles) or
presence (dark triangles) of mitochondria.
There is a linear increase of optical den
sity variation per minute with increasing
enzyme concentrationns. Again, this ex
periment had the same result when using
the double beam method with 340 nm as
the wavelength.

These experiments of figure 1 demon
strate taht the double beam method or
the two wavelength-two cells method per
mits enzymatic measurements coupled to
the disappearance of NADH in the pre
sence of turbid suspensions, as long as
only small qualities of NADH are used.
This method has been applied to measure
the competition between pyruvate kinase
and respiring coupled mitochondria (9).
In such a case, the double-wavelength
method was used because the reference
wavelength, 374 m/z, represents an isos-
bestic point for mitochondria, a wavel
ength at which there is not an absorption
change when the mitochondrial pigments
are oxidized or reduced and therefore is
ideal to cancel turbidity. The endogenous
mitochondrial pyridine nucleotides suffer
an oxidation with the addition of ADP,
needed for the coupling system of the
pyruvate kinase assay, when using respir
ing, coupled mitochondria. This repre
sents a very small, initial decrease in
optical density when measuring pyruvate
kinase but does not interfere with the 

assay because after such initial oxidation,
the level of the mitochondrial, reduced
pyridine nucleotides remains in a steady
state as long as there is oxygen present (4).
Although, for the specific purpose of the
competition between mitochondria and
glycolytic enzymes, the method used was
the two wavelength-two cells mode, for
most purposes, in which the reference
does not change at the sample’s specific
wavelength, the advisable modality would
be to use a double beam apparatus set at
340 m/z. Such a modality is available in
most laboratories.

The above described method is only
useful for measuring small enzyme activi
ties if the suspension is very turbid be
cause the NADH concentration and its
linearity are limiting factors. Figure 2
illustrates another modality of using the
double wavelength spectrophotometer for
measuring enzyme activities in turbid sus
pensions in excess of NADH. In this case,
the spectrophotometer is used in the
double wavelength-one cell mode and
again, the wavelength pair is 340-374 m/z.
It should be noted that NADH absorbs
at 374 m/z, about one third of its absorp
tion at 340 m/z.

The upper graph of figure 2 shows the
variation of optical density recorded with
increasing additions of NADH to the cell
in the presence of different concentra
tions of isolated mitochondria. The va
riation of optical density with increasing
NADH is bell-shaped at any mitochon
drial concentration and only shows linear
ity in the descendent branch of the bell.
The bell shape occurs because the ab
sorption of NADH at 340 m/z becomes
saturated very soon while the absorption
at 374 m/z is not saturated with even large
concentrations of NADH. This is explain
ed in the upper graph of figure 2 in which
the absorption changes, which occur at
the two wavelengths with NADH addi
tions in the presence of the indicated mi
tochondria, are measured separately. There
is a linear increase in absorption at 374
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Fig. 2. Two-wavelength-one cell mode operation.
Upper graph: Changes in optical density with increasing NADH concentraions in the presence
of different amounts of mitochondria plus 10 /xM Rotenone. Left: at 340 and 374 m/x O:
no mitochondria; A: 1 mg protein/ml; O; 2 mg protein/'ml; X: 3 mg protein/ml; A: 4 mg
protein/ml; ■: 5 mg protein/ml; □: 6 mg protein/ml. Right: •: at 340 m/x with 2 mg
protein/ml; X: at 340 m/x with 3 mg/ml; •: at 374 m/x and no mitochondria; A: at 374 m/x
with 1 mg/ml. NADH was first added to the sample cell. Lower graph: Increase in optical
density per minute at 340 m/x and after at 374 m/x with addition of 130 milliunits (•) or
260 milliunits (A) of pyruvate kinase, in the preesence of different amounts of rat liver
mitochondria and a coupling system (left) or with addition of increasing concentrations of

pyruvate kinase in the absence of mitochondria (right). For more details see text.

m/z with increasing NADH until 800 /zm
NADH either in the presence or the ab
sence of mitochondria. However, at 340
m/z, the optical density increase which
follows the addition of NADH, levels off
at 0.2 or 0.6 optical density, respectively,
depending on mitochondrial concentration.
These experiments indicate that with the
initial addition of NADH there is a 

positive optical density difference or
absorbancy increase. A moment arrives,
the sooner the higher mitochondrial con
centrations, when the absorption at 340
m/z does not increase with increasing
NADH concentrations because there is
saturation at such a wavelength while the
absorption at 374 m/z does not increase.
As the instrument detects the difference 
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between both absorptions. There will be
from this moment on, a linear decrease
in optical density with increasing NADH.
On this basis, the cell with the mitochon
dria can be loaded with NADH until,
passing through the bell peak, the ab
sorbance results again zero and the ac
tivity of an added enzyme coupled to
NADH disappearance can be measured
as optical density increase.

The left lower graph of figure 2 shows
the activity of 130 and 260 miliunits of
pyruvate kinase measured by this method
in the presence of various amounts of mi
tochondria. The cell in each case was
provided with the indicated amount of
mitochondria, the amount of NADH
required to obtain —0.1 units of optical
density and the coupling system, com
posed of phosphoenol pyruvate, lactic de
hydrogenase and ADP. The reaction was
started by the addition of pyruvate kinase.
Enzyme activity was recorded as an opti
cal density increase which was followed
linearly from one to five minutes, depend
ing on the mitochondrial concentration.
The lower right graph of figure 2 shows
the variation of optical density per minute
corresponding to various concentrations
of the enzyme measured in the absence of
mitochondria. In this experiment samples
were taken from the cell at different
times for determination of lactic acid, in
order to calibrate the method. A change
of 0.1 units of optical density correspond
ed to 100 nanomoles lactic acid per ml
in the cell.

Discussion

The above described method represents,
to our knowledge, the only present, exist
ing method for measuring spectrophoto-
metrically, enzyme activities in turbid
suspensions. Although this method has
been devised for measuring pyruvate kin
ase, in the presence of isolated mitochon
dria, it could easily be adapted to meas
ure other enzymes in different turbid 

suspensions, as long as the enzyme activity
could be coupled to the disappearance
or appearance of a chromophore. The
modality of election is the double beam
mode in which the reference beam sub-
stracts the turbidity. This method is
available to most laboratories. The two
wavelength method is only applicable for
special purposes in which a different
reference wavelength must be selected,
lying at an isosbestic point of the turbid
sample which will not interfere with the
absorption of the chromophore. The se
lection of the wavelength pair in these
cases should be based on the spectra of
both the chromophore and the turbid
suspension.

The method can be adequately calibra
ted in its linear range with the addition of
increasing quantities of the chromophore,
however, for a precise quantitative cali
bration, a chemical determination of the
product of the reaction in each condition
is advisable.

Among the possible applications of this
method stads the study of the competition
between glycolytic enzymes and isolated
mitochondria, the determination of the
enzyme activities in situ in permeabilized
cells (6, 8), the determination of enzymes
bound to organalles and the determination
of enzyme activities directly in undiluted
tissue homogenates. In general, our meth
od represents the possibility of measur
ing enzymes which are very scarce in
biological materials without worrying
about the turbidity introduced in the
sample. The main drawback of the method
is that, for very high turbidity, it can be
used to measure low enzyme activities for
a very short time. However, for most of
the envisaged applications in which it is
not necessary to reach extreme high
turbidity, the range of measurable enzyme
activities and the time of the measure
ment are quite similar to conventional
spectrophotometric single beam method
for the measurement of enzyme activity.
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Resumen
Sc describe un mdtodo para la determinacidn

de actividades enzimdticas en suspensiones tur-
bidas. El mdtodo se basa en el uso de un es-
pectrofotdmetro de doble haz o de doble lon-
gitud de onda, midiendo a 340 m/x o con el
par de longitud de onda 340 menos 374 m/x,
la desaparicidn de NADH acoplada a la acti-
vidad del enzima. El mdtodo se ha aplicado
para la determinacidn de piruvato kinasa en
presencia de mitocondrias aisladas pero se dis-
cuten otras aplicaciones posibles.
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