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Chapter 2
Enhancement of the iodine assay

Reliability factor for identification of low 
activity of amylolytic enzymes in the starch-
iodine assay

Aline L. O. Gaenssle, Marc J. E. C. van der Maarel and Edita Jurak

Abstract
Amylolytic enzymes are a group of proteins degrading starch to its constitu-

tional units. Understanding their behavior is of great industrial and nutritional
interest. Beside the in-depth analysis using qualitative and quantitative tech-
niques,  there  is  also  a  high demand  in  high-throughput  screening methods
such as the iodine assay, a photometric assay based on the intensely colored
starch-iodine complex. To increase the turnover rate of the assay, the method
was  modified  and  adapted  to  microtiter  plates.  Additionally,  multiple  time
point  measurements  were  introduced  to  increase  the  accuracy  and  error-
detection.  Further,  a  single  wavelength  measurement  was  proposed  and  a
mathematical factor was modeled to provide information about the reliability
of the obtained enzymes activity rates. This activity factor enables fast, precise
and objective  distinction  between  enzyme activity  and background activity.
Altogether,  the  adapted  method  provides  a  simple  an  accurate  tool  for
screening the activities of amylolytic enzymes.

In part published as Analytical Biochemistry (2020), 597:113696



Chapter 2

2.1 Introduction

One  of  the  most  important  sources  of  carbohydrates  for  human  diet  is
starch [1], a structure entirely built up of glucose units interlinked via  α-1,4-

and  α-1,6-glycosidic bonds, forming linear chains and branch points, respec-
tively.  This  polysaccharide  consists  of  the  linear  amylose  and  branched
amylopectin in a highly varying ratio ranging from below 15% to about 40%
amylose [2]. Starch is biochemically degraded by amylolytic enzymes [3] which
can  be  divided  into  endo-  and  exo-acting  enzymes.  α-Amylases  are  typical

endo-acting  enzymes,  cleaving  α-1,4-glycosidic  linkages  of  starch,  forming

oligosaccharides of varying chain lengths. β-Amylases can also hydrolyze α-1,4-
bonds, however, they are exo-acting enzymes and are hindered by branching
points  [4].  Other examples  of  starch  active  enzymes are amyloglucosidases,
generating  glucose by  hydrolyzing both  α-1,4-  and  α-1,6-glycosidic  linkages
[5], and starch or glycogen branching enzymes which catalyze the formation of
new branches by hydrolyzing an α-1,4-bond and creation of a new α-1,6-glyco-
sidic linkage [6].

Typically,  quantitative  determination  of  catalytic  activity  of  amylolytic
enzymes is conducted via estimation of the amount of formed reducing sugars
such as glucose or maltose. Commonly used compounds for this are copper and
arsenmolybdate  in  the  Nelson-Somogyi  method  [7],  copper  and  2,2’-bicin-
choninic acid (BCA) [8] and dinitrosalicylic acid (DNS) [9]. Other methods are
based  e.g.  on  the  size  of  growth  regions  of  microorganisms  on starch-agar
mediums in presence of hydrolytic enzymes [5] or on the iodine staining of
sodium  dodecyl  sulfate-polyacrylamide  gel  electrophoresis  (SDS-PAGE)  gels
loaded  with  starch  and amylolytic  enzymes  [10].  The  activity  of  branching
enzymes  is  usually  measured  by  first  incubating  the  substrate  with  the
branching enzyme, debranching the product with α-1,6-bond cleaving enzymes
(namely isoamylase and/or pullulanase) [11] and then analyzing the amount
of formed branches (new chains) by reducing ends [12].

Beside the aforementioned methods, another frequently used method is the
iodine  assay  [13–15].  This  photometric  method  is  often  applied  for  quick
determination of the activity of starch converting enzymes due to its speed and
having the advantage that its color is not affected by the presence of amino
acids, small oligosaccharides and ammonium sulfate [16]. The method is based
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on the intensely colored complex between iodine and starch. Iodine was found
to  accumulate  in  linear  structures  within  the  helix  conformation  of  linear
chains of starch such as amylose [17] with the estimated ratio ranging from
2.75 [18] to 3.9 [17] glucose units for every iodine atom. Thus, the detected
absorbance intensity of the starch-iodine complex is mainly generated by the
amylose  content  in  the  starch  sample  [19].  The  wavelength  of  absorbance
maximum (λmax) of the starch-iodine complex’s color is highly correlated with
the  chain  length  (DP)  of  the  oligosaccharide  and shifts  from about  490 nm
(DP 18) to around 600 nm (DP 72) [19]. This behavior not only results  in a
high diversity of λmax between different starches [20] but also causes a shift in

λmax in response to the activity of amylolytic enzymes [21], causing a consider-
able error in estimated activity when not addressed. Due to the specificity of
the iodine complex formation with linear stretches of starch, the assay is not
only  suitable  for  measuring  the activity  of  amylolytic  enzymes but  also  for
starch modifying enzymes, such as branching enzymes, whose introduction of
new branch points leads to a decrease in linear chain segments [13].

Although the iodine assay has been developed decades ago [13,21,22], opti-
mizations  are  scarce.  Hereby,  the  method  was  optimized  and  adapted  to
microtiter plates, thereby not only increasing both accuracy and speed of the
assay  but  also  enabling  simultaneous  detection  of  multiple  samples  for
screening  enzymatic  activities.  Moreover,  standardized  procedures  are
proposed  for  addressing  the  relevant  shift  in  λmax and  for  differentiating
between enzyme and background activity.  This reliable detection of enzyme
activity is achieved by a here proposed, simple equation.

2.2 Materials and methods

2.2.1 Materials
The  enzymes  α-amylase  from porcine  pancreas  and  B.  amyloliquefaciens

(BAN 480L), β-amylase from barley and sweet potato, and maltogenic amylase

(glucan 1,4-α-maltohydrolase,  Bacillus species) were purchased from Sigma-

Aldrich, Germany. Others, being  α-amylase from  A. oryzae,  β-amylase from  B.

cereus,  amyloglucosidase  (glucan  1,4-α-glucosidase,  A.  niger)  and  xylanase

(endo-1,4-β-xylanase,  A.  niger)  were  purchased  from  Megazyme.  The
branching enzyme from R. marinus was kindly provided by AVEBE.
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The substrates  potato  starch,  amylose and rice  starch were bought from
Sigma-Aldrich  whereas  Hylon®  VII  was  obtained  from  Ingredion,  USA.  All
chemicals were of analytical grade or higher.

2.2.2 Stock solutions
Starch samples were freeze-dried overnight before being dissolved in 90%

dimethyl sulphoxide (DMSO) in a boiling water bath with frequent, vigorous
mixing. All stock solutions had a concentration of 25 mg/ml and were stable
for several months at RT. For the standard set (n=97), amylose was dissolved
at 100 mg/ml in 100% DMSO following the procedure by Griffin and Fogarty
[23].  The  iodine  stock  solution  (26%  KI,  2.6%  I2) [24] was  stored  at  4°C
covered with aluminum foil.

2.2.3 Enzyme concentration
The protein concentration was determined by the Bradford Protein Assay

(Bio-Rad Laboratories) using bovine serum albumin (Sigma-Aldrich, Germany)
as a standard.

2.2.4 Assay optimization
All experiments consisted of two steps, the enzyme reaction (200 μl, condi-

tions  see  next  paragraph)  and  the  analysis  assay  containing  100 μl  freshly

prepared iodine reagent  (0.15% KI,  0.015% I2,  5 mM HCl) mixed with 15 μl
aliquots from the enzyme reaction. The absorbance of the analysis assay was
then  measured  at  610 nm  and  a  spectrum  (450-750 nm,  2 nm  steps)  was
detected using a spectrophotometer (SpectraMax from Molecular Devices).

The reactions for the standard curves of the starch samples contained 0.1-
2.0 mg/ml  starch  (potato  amylose,  Hylon®  VII,  potato  and  rice  starch)  in
50 mM sodium phosphate buffer, pH 6.0. Experiments were performed in trip-
licates.

The  control  enzyme  reactions  for  enzymatic  activity  were  composed  of
enzyme (0.2 μg/ml α-amylase (A. oryzae), 4 μg/ml β-amylase (B. cereus), 6 μg/

ml amyloglucosidase or 63 μg/ml xylanase), 1 mg/ml starch substrate (potato
amylose,  Hylon®  VII,  potato  and  rice  starch)  in  50 mM  sodium  phosphate
buffer,  pH 6.0.  The assays  were  incubated  at  40ºC and aliquots  were taken
every full minute for 11 min. Experiments were performed in triplicates.

The large standard data set (n=97 for factor model of which a subset of
n=48 for activity overestimation) only differed in enzyme type and concentra-
tion,  being  0.05-1.5 μg/ml  α-amylase  (from  A.  oryzae,  B.  amyloliquefaciens,
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porcine pancreas),  1.5-45 μg/ml  β-amylase (from  B. cereus, barley and sweet

potato),  0.5-20 μg/ml  maltohexaosidase,  2.0-7.5 μg/ml  maltogenic  amylase,

8.5 μg/ml amyloglucosidase and 450-950 μg/ml branching enzyme. All other
conditions  were 1 mg/ml  potato  amylose,  50 mM sodium phosphate  buffer,
pH 6.0, incubated at 25°C and aliquots were taken every full min for 10 min.

2.2.5 Standard assay
Appropriate amounts of enzyme was diluted to 150 μl with 50 mM sodium

phosphate buffer, pH 6.0 in a microtiter plate and incubated in a water bath at
40°C, covered with a plastic lid with condensation rings. The enzyme reaction
was started by adding 50 μl substrate solution (4 mg/ml, diluted with buffer)

to the enzyme solution. Then, at every full min, 15 μl aliquots of the enzyme
reactions  were  transferred  to  the  analysis  wells  located  on  a  plate  at  RT
containing 100 μl freshly prepared iodine reagent (0.26% KI, 0.026% I2, 5 mM
HCl), followed by a brief washing steps for the pipette tips using the washing
wells  (200 μl  buffer).  In  between transfer,  the plate  containing the analysis
wells  was  covered  with  a  plastic  lid.  After  transfer  of  the  last  aliquot,  the
absorbance of the analysis wells was detected at 610 nm using a spectropho-
tometer (SpectraMax from Molecular Devices).

2.2.6 Statistical analysis
Data were expressed as means ± standard deviation. The statistical analysis

was conducted in Stata14 (StataCorp, USA) using linear regression and pair-
wise  relation  (Pearson's  Correlation).  The  confidence  interval  was  set  to
99.9%.

2.3 Results and discussion

2.3.1 Setup of the assay
The assay was first optimized for microtiter plates to enable simultaneous

conduction  of  multiple  enzyme reactions,  e.g.  varying enzyme dosages,  in  a
series of time points. As seen in Figure 2.1, the standard setup of the method
consisted of three groups of wells and was designed for measuring four reac-
tion samples (1-4, e.g. different enzyme concentrations or substrate type) in
duplicates.
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Figure 2.1: Setup of the iodine assay in microplates with four experiments (1-4, shown in
shades  of  gray)  in  duplicates  (a/b).  The  wells  are  grouped  as  enzymatic  reaction  (red
border), analysis assay (blue border, time points 1-11 min) and wash wells (green border,
200 µl enzyme reaction buffer). Yellow characters indicate well position.

The enzyme reaction described the incubation of enzyme with substrate in
buffer  and  was  conducted  on  plate  1.  At  each  full  minute  for  11  minutes
aliquots were removed from the enzyme assay and mixed with iodine reagent,
thereby forming the analysis assay. Finally, the wash wells could be used for
cleaning the pipette tips in between the transfer of the aliquots to enable reuse.

Table  2.1 gives  an  overview  of  the  chosen  conditions  in  comparison  to
previously published iodine assay methods. The first four methods presented
in the table are some of the most frequently cited methods for analyzing the
activity  of  branching  enzymes  using  iodine  [13,14,22,25] and  the  fifth
[15] describes a method for detecting general amylolytic activity. Apart from
the here proposed assay,  the first  method [13] is the only one designed for
multiple point measurements.

2.3.2 The enzyme reaction
The enzyme reaction and the analysis assay were conducted on separate

plates to incubate each at their required temperature.  The enzyme reaction
was conducted on a plate slightly floating in a heated water bath to ensure an
even and accurate temperature, crucial for the selected short incubation time
of 11 min. The volume required for the enzyme reaction was 200 μl to enable

the detection of 11 time points using 15 µl aliquots and was thus higher than
previously reported methods (Table 2.1).

A substrate concentration of 1 mg/ml was selected for the enzyme reaction,
being  in the higher range of  the proposed  concentration  (Table  2.1) as the
subsequent  concentration in the analysis  assay  (0.13 mg/ml)  resulted in an
absorbance  of  about  1 ABS  for  potato  amylose,  providing  a  relatively  large
range for observation of enzyme activity. For other substrates, e. g. rice starch,
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this concentration resulted in a somewhat low absorbance (about 0.37 ABS).
Since  the  low  absorbance  was  still  high  enough  to  reliably  detect  enzyme
activity (Figure 2.6),  a single substrate concentration was selected to enable
comparison of the same enzyme on different starches.

Table 2.1: Comparison of several published methods of the iodine assay with the proposed 
method based on assay conditions

Method [13] [25] [22] [14] [15] proposed 
method

Sample 
volume (µl)

50 (from 
350 µl)

50 100 100 80 15 (from 
200 µl)

Substrate 
(mg/ml)

0.3 
(amylose)

1.0 
(amylose, 
AP)a

0.6 
(amylose),
4.0 (AP)a

0.5 
(amylose)

1.0 
(starch)

1.0 
(amylose)

Buffer Citrate 
pH 7

Citrate 
pH 7

Citrate 
pH 7

Tris-HCl 
pH 7.5

Phosphate 
pH 7

Phosphate 
pH 6-7.5b

Incubation 
(Temp)

30°C 30°C 30°C 50°C 50°C 30-60°C

Time (min) 15-120 
(n=4)

120 (n=1) 30 (n=1) 30 (n=1) 30 (n=1) 1-11 (n=11)

Iodine 
Reagent (ml)

2.6 1.0 2.6 2.0 0.1 0.1

(% I2;% 
KI, mM HCl)

(0.01;0.1;
3.8)

(0.01;0.1;
3.8)

(0.01;0.1;
11)

(0.01;0.1;
3.8)

(0.13;0.08;
3.8)

(0.015;0.15;
5)

Absorbance 
(nm)

660 660/530c 680 660 580 610

a amylopectin; b depending on enzyme type, for branching enzymes pH 7.5, for other amylolytic
enzymes pH 6.0 is recommended; c 660 nm for amylose, 530 nm for amylopectin

2.3.3 The analysis assay
As seen in  Figure 2.1, the assay was designed for detection of the enzyme

reaction at multiple time points as the enzyme activity was not always found to
be identical  throughout  the entire  assay time  frame,  rendering  single-point
analysis  inaccurate.  For  enzymes  with  very  low  activity,  measurement  of
activity  at  different  time  points  was  important  for  differentiation  between
background  and  enzyme  activity  due  to  slight  inherent  fluctuations  in  the
absorbance values (see Figure 2.6A). Further, multiple time points were also of
essence  for  detection  of  a  non-linear  trend  (deceleration)  of  decrease  in
absorbance in response to early substrate depletion due to either the enzyme’s
inability to degrade the substrate completely or a too high enzyme concentra-
tion. Overall, multiple time point detection provided verification of the optimal
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enzyme  dosage  and  for  identification  of  incomplete  substrate  hydrolysis,  a
behavior that was observed for β-amylases (see Figure 2.3B and Figure 2.6A)

due to their inability to bypass or cleave α-1,6-linkages [21,26].

For the iodine reagent in the analysis assay, a volume of 100 μl was chosen
with concentrations increased by 50% to account for the considerably higher
starch concentration in the analysis (Table 2.1). 

During  the  experiment,  the  plate  containing  the  analysis  assays  was
covered with a plastic lid as extended exposure of the assay to air was found to
lead to a slow color depletion (about -0.05 ABS/min), likely due to oxidation of
iodide  to  volatile  forms  [27].  Further,  the  instability  of  the  starch-iodine
complex in regards to heat [28] was circumvented by conducting the analysis
assay at RT, separated from the enzyme reaction.

2.3.4 Preparation of substrate stock solutions
Starches,  especially  ones with a high amylose content,  are typically  chal-

lenging to  dissolve  in  aqueous  solutions and tend to  have a  rather  limited
stability, requiring frequent preparation of fresh starch solutions [29]. Starch
solutions in dimethyl sulphoxide (DMSO) on the other hand can be used as
stock solutions as they are stable for several months [23], not only simplifying
the method but  also increasing  the comparability  between separate  experi-
ments.  Starches  with  a  very  high  concentration  of  amylose  such  as  potato
amylose or Hylon VII were found to be soluble up to 100 mg/ml in pure DMSO
whereas the maximum concentration of starch, e.g. rice and potato starch, was
found to be 25 mg/ml in 90% DMSO. The observed behavior was most likely
caused  by  the  negative  effect  of  amylopectin  on  the  solubility  of  starch  in
DMSO [30]. At this concentration rice starch formed a highly viscous solution,
however, transferring by pipette was still possible. Preparation of more dilute
starch  solutions  were  deemed  unsuitable  as  higher  DMSO  concentrations
(above 0.5 M for α-amylase from A. oryzae [23] could potentially inhibit enzy-
matic activity [23,29,31]. 

2.3.5 Chosen wavelength
An array of different wavelengths has been used to detect the absorbance of

the starch-iodine complex (Table 2.1). To investigate the most suitable wave-
length  and  extend  the  number  of  enzyme  substrates  beyond  the  typical
substrate potato amylose, several commercially available starches were incu-
bated with iodine reagent only. 
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Figure 2.2: Absorbance intensity and corresponding spectra of the complex between iodine
and several starches. 15 μl of 0.1-2.1 mg/ml starch (potato amylose, Hylon VII, potato and
rice starch) in 50 mM phosphate buffer  pH 6.0  with 100 μl  iodine reagent.  (A)  Standard
curve for each starch at 610 nm, shown as mean ± stdev (n=3), (B) spectra (450-750 nm,
2 nm steps) detected for 1 mg/ml samples.

The four substrates potato amylose, Hylon VII, potato starch and rice starch
were selected as they exhibited considerable differences in both absorbance
intensity (Figure 2.2A) and absorbance maximum (λmax,  Figure 2.2B). All four
substrates  showed  highly  linear  absorbance  responses  to  varying  starch
concentration,  although the response intensity  differed greatly  between the
starches. As mentioned above, the color intensity of the starch-iodine complex
was strongly correlated with both the sample concentration and the number of
chains sufficiently long to form helices and thus bind iodine. This pattern was
in agreement with the obtained data as the absorbance intensity was directly
affected by the sample concentration as well as by the amylose content of each
sample. Potato amylose had the highest amylose content and also showed the
highest color  response,  followed by the high amylose corn strain Hylon VII
(about 70% amylose) [32] and the normal starches  from potato (about 25-
29%) [33] and rice (typically 13-26%) [34]. Starches with higher amylopectin
content, such as waxy starches, exhibited very low absorbance responses when
incubated with iodine and were thus deemed unsuitable for this assay. The λmax

also differed between the selected substrates (Figure 2.2B).  Similarly to the
pattern  of  the  color  response,  the  λmax ranged  from potato  amylose  (λmax =

641±8 nm),  over  Hylon  VII  (λmax =  590±10 nm)  and  potato  starch  (λmax =

588±12 nm) to rice starch (λmax = 562±16 nm), being in good agreement with
previous  data  [20].  Especially  the amylose-iodine complex  showed  a  broad
absorbance  peak  with  only  minimal  changes  between  600 nm and 670 nm.
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Previous research [13,25] typically recommended a wavelength of 660 nm for
detecting  the  concentration  of  the  amylose-iodine  complex.  However,  the
wavelength 610 nm was selected as it enabled detection of all substrates with
a single wavelength (<3% difference in the range 580-640 nm, see Figure 2.4).

 
Figure  2.3:  Absorbance spectra of  amylose in  response to  activity  of  (A)  α-amylase (A.
oryzae)  and  (B)  β-amylase  (B.  cereus)  over  time  (1-11 min,  1 min  steps).  0.2 μg/ml
α-amylase or 4 μg/ml  β-amylase were incubated with 1 mg/ml potato amylose in 50 mM
phosphate buffer pH 6.0, data are shown as mean (n=3). Absorbance maxima are indicated
by arrows.

When studying starch samples in absence of enzyme, each complex can be
measured at their λmax. However, incubation with amylolytic enzymes caused a

blue-shift in  λmax of varying strength,  ranging from  β-amylases (~25 nm/ABS

on potato amylose, see Figure 2.3B) to α-amylases (~100 nm/ABS, Figure 2.3A,
for the full list of enzymes see Figure S2.1).

As the  λmax of the starch-iodine complexes were found to be considerably
broad, the possibility of using a single wavelength was investigated by using a

set of experiments (n=48) of various enzymes on potato amylose (see  Mate-
rials and methods). A wavelength of 610 nm was selected as it was located at
the  lower  end  of  the  absorbance  plateau  of  the  amylose-iodine  complex,
ensuring the accurate detection of all enzymes not causing a shift in λmax on the
standard substrate amylose. 

Figure 2.4 shows the underestimation of the absolute absorbance compared
to the relative absorbance measured at 610 nm. Above a λmax of about 570 nm,
the  difference  between  the  absolute  and  relative  absorbance  values  were
minimal (below 10%), increasing up to 17% for spectra with a  λmax between
560 nm and 570 nm. The underestimation of absorbance led to an overestima-
tion of activity due to a predicted faster decrease in absorbance. If the λmax fell
below 570 nm, the activity overestimation was up to 25%. This was observed
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on amylose for α-amylases (below approx. 0.6 ABS at 610 nm), maltohexaosi-

dase (<0.5 ABS), maltogenic amylase (<0.4 ABS) and the β-amylase from barley
(<0.3 ABS).  The  full  pattern  can  be  seen  in  Figure S2.2.  Thus,  the  enzyme
concentration  should be decreased  if  the absorbance  values  of  some of  the
time points fall below the estimated thresholds. For all experiments in which
all data points exhibited a λmax within the given range, the overestimation was
below 10%, providing a sufficiently narrow window for accurate detection of
enzyme activity.

 
Figure 2.4: Correlation between absorbance maximum (λmax), absorbance values measured
at 610 nm and derived enzyme activity (U). Y-axes show percentages of values at 610 nm
compared to the values at λmax. For absorbance values, each time point of the standard data
set (n=48) of different amylolytic enzymes on amylose (see Chapter  2.2.5) is indicated in
black, while estimated enzyme activities (red) represent entire time series. Gray lines frame
the recommended range for single-wavelength measurements.

Preliminary experiments on substrates other than amylose indicated that
'non-shifting'  enzymes such as  β-amylases  could be measured at 610 nm as
well due to the maintained level of error in underestimation, especially if the
λmax  of  the  substrate  were  located  in  the  reliable  range  (error  <10 %).  For

'shifting'  enzymes,  e.g.  α-amylases,  the  same  appeared  to  be  true  if  the
observed shifts were below 50 nm (error <10 %).The optimized iodine assay is
useful  in  a  large array  of  situations.  A typical  application  is  monitoring  the
enzyme activity during enzyme purification due to its high speed and the small
required amount of enzyme. The assay can further be used to characterize the
protein, e.g. regarding its pH and temperature optima and is even suitable to
conduct preliminary kinetics analysis.
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2.3.6 Reliability factor
To  estimate  the  enzyme  activity,  a  linear  trend  was  assumed  and  the

decrease  in  absorbance  over  time  was  calculated  as  -ABS/min.  Due  to  the
measurement of time series, the linearity of the decrease could further be eval-
uated by the coefficient of determination (R²). The R² value is a statistical value
showing the percentage of data points of an experiment that are described by
the estimated linear slope. Therefore, the higher the R² value, the higher the
linearity of the decrease in absorbance [35].

High enzyme activity was found to be indicated by a sharp,  highly linear
decrease  in  absorbance  over  time  (←0.075 ABS/min,  R²>0.95)  that  could
conclude in a deceleration of absorbance decrease due to substrate depletion
and thus a lower R² value. Background activity, on the other hand, resulted in a
series of absorbance values that exhibited small,  random fluctuations (about
7.5% of initial absorbance value), almost no decrease over time (>-0.007 ABS/
min) and a low linearity  (R²<0.4).  Low enzyme activity  generally  showed a
very  linear  decrease,  however,  the  fluctuations  in  absorbance  were  more
visible than for higher enzyme activities. Detection of low enzyme activity was
further impeded by the fact that sometimes the deviations in absorbance of
samples with no enzyme activity may seem non-random, giving the appear-
ance  of  a  trend  and  thus  enzyme  activity.  Therefore,  investigations  were
conducted to identify parameters which could be applied to both reliably and
objectively distinguish between enzyme activity and background activity. 

For this  purpose,  a  large standard  data  set  (n=97)  of  various amylolytic
enzymes  on potato  amylose  under  standard  conditions  were  gathered  and
identified manually on presence or absence of enzyme activity. This differenti-
ation was carefully conducted by visual analysis of the decrease in absorbance
over time based on the existence of a trend (clear curve or random fluctua-
tions), the overall decrease in absorbance (considerable change in absorbance
or no detectable decrease) and the knowledge of the sample's content. Samples
showing  results  very  similar  to  negative  enzyme  controls  were  treated  as
negative activity to avoid the detection of false positives. The raw data together
with the assignments are shown in Figure S2.3.

Then, an equation was modeled to obtain a distinction between enzyme and
background activity  that  resembled the manual  differentiation  as closely  as
possible. The most promising results for the estimated Reliability Factor (FRel)
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were achieved by combining two factors, the Absorbance Factor (FABS) and the
R² Factor (FR²) as shown in Equation 1. 

FRel = FABS + FR² (1)

These two factors were chosen as they complemented each other. The FABS

was  used  to  estimate  the  decrease  in  absorbance  by  calculating  the  ratio
between the first and last measured absorbance values. This ratio was found
more suitable than the slope as it was less distorted by non-linear decreases.
The FABS enabled detection of all samples with high enzyme activity, including
the ones exhibiting early substrate depletion which would be missed by using
R² values only. The  FR²,  on the other hand, allowed identification of samples
with  low  enzyme  activity  which  would  be  falsely  classified  by  using  the
absorbance decrease only.

 
Figure  2.5:  Correlation between (A) linearity of trend (R²) vs ratio of start and end ABS
values  of  a  time series  and (B)  between Factor(R²)  and Factor(ABS).  Standard  data set
(n=97) of different amylolytic enzymes were incubated with amylose (see Chapter 2.2.5).
Manual analysis is shown as presence (green) and absence (black) of enzyme activity. Red
lines indicate threshold of the model for the Reliability Factor with every value left to the
limit indicating the presence of enzyme activity.

Figure 2.5A presents the standard data set by comparing the estimated R²
values to the ratio of the first (ABSStart) and last (ABSEnd) absorbance value. As
seen in  Figure 2.5B, the two factors of the equation were modeled in such a
way that their sum (FRel) was positive when enzyme activity was detected and
negative when only background activity was found. Both figures show a very
high agreement  between the model  and the manual  analysis  with  only one
outlier. The two factors contributing to the FRel were further weighted similarly
to ensure a positive result whenever one of the factors was slightly negative
but the other was sufficiently positive (see Equation 2). 

FRel = (ABSStart/1.5 –ABSEnd) * 1.5 + (R² – 0.75) (2)
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It should be noted that the  FRel provided only information about the relia-
bility of presence or absence of enzyme activity and not the level of activity
itself. The FRel can however be used to estimate if the derived activity rates can
be trusted.

Figure  2.6:  Observed activities  of  control  experiments  with  (A) absorbance values over
time and (B) estimated Reliability Factors (FRel). There were three positive controls (0.2 μg/
ml  α-amylase  from  A.  oryzae,  6 μg/ml  amyloglucosidase  from  A.  niger and  4 μg/ml
β-amylase from B. cereus) and two negative controls (63 μg/ml xylanase from A. niger and
negative enzyme) incubated with 1 mg/ml substrate (potato amylose, Hylon VII, potato and
rice starch). Data are presented as mean ± stdev (n=3).

After  establishment  of  an  equation,  the  model  was  tested  on  a  control
experiment with three amylolytic enzymes as positive controls and two nega-
tive  controls  on  four  different  starchy  substrates.  Figure  2.6A  shows  the
obtained raw data while  Figure 2.6B presents the estimated  FRel values. Both
raw data and  FRel values showed a clear distinction between the positive and
negative  controls  on  all  substrates.  Rice  starch  exhibited  the  lowest
absorbance values and decrease and thus the smallest  FRel values.  β-Amylase
showed only very low decreases and FRel values with two of them even being
slightly  negative.  This  result,  however,  was  not  surprising  as  almost  no
decrease was visible in the raw data. Notably,  statistical results (Table S2.1)
estimated  significant  correlation  (linear  regression)  between  time  and
absorbance values for all positive controls but none of the negative controls at
a confidence interval  (CI)  of 99.9%,  suggesting presence of  enzyme activity
even for β-amylase on rice starch. However, there was also a significant corre-
lation between negative enzyme and potato starch at a CI of 99.5% (p=0.002).
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Therefore, the parameters for the FRel were not altered accordingly to prevent
false positives. Additionally, FRel values very close to zero indicate the require-
ment for a repetition to obtain a more defined result.

The results of the control experiment showed that the modeled equation
gave reliable estimations independent of the type of enzyme and substrate or
starting absorbance value. It is further independent of incubation length and
conditions  of  the  enzyme  reaction,  easy  to  use  and  does  not  require  any
advanced software.

2.4 Conclusion

The iodine assay has been optimized and adapted to microtiter plates to
conduct simultaneous experiments with multiple time points. All data points
could  be  measured  at  a  single  wavelength  (610 nm)  whenever  their
absorbance maxima were within the range of 570-650 nm, providing accurate
activity profiles of an array of amylolytic enzymes. Furthermore, a variable, the
Reliability Factor, has been introduced to provide an objective and simple way
to distinguish between enzyme activity and background activity and its appli-
cation  was  verified  on  both  positive  and  negative  controls  on  four  starchy
substrates.
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2.7 Supplementary data

Figure S2.1. Absorbance spectra of different enzymes over time. The used concentrations of
the  studied  enzymes  were  α-amylases  (0.2 µg/ml  (B.  amyloliquefaciens),  0.4 µg/ml  (A.
oryzae, porcine pancreatic)), β-amylases (4.3 µg/ml (B. cereus), 21.6 µg/ml (barley), 2.3 µg/
ml (sweet potato), amyloglucosidase (8.5 µg/ml,  A. niger), maltogenic amylase (1.9 µg/ml,
Bacillus species),  maltohexaosidase  (11.5 µg/ml,  Bacillus  species),  branching  enzymes
(775 µg/ml,  R.  marinus).  The enzymes  were  incubated  with  1 mg/ml  potato  amylose in
50 mM phosphate buffer, pH 6.0 for 10 min at 25°C. At every full min, 15 µl of sample were
mixed with 100 µl iodine reagent (0.15% KI and 0.015% I2, 5 mM HCl) and a spectrum was
detected from 450-750 nm with 2 nm steps and are presented as mean of triplicates.
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Figure S2.2. Absorbance maxima (λmax) and corresponding absorbance value of each spectra
shown in Figure S2.1. Markers indicate mean and gray areas the confidence interval (CI) of
99% with local polynomial smoothing (n=3).

Table S2.1: Pearson correlations for the control experiment in Figure 2.6

p values α-amylase amyloglucosidase β-amylase xylanase negative
enzyme

amylose 0* 0* 0* 0.091 0.512

Hylon® VII 0* 0* 0* 0.976 0.665

potato starch 0* 0* 0* 0.271 0.002

rice starch 0* 0* 0* 0.807 0.040

* Statistical correlation between absorbance and time (P ≤0.01)
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Figure S2.3.  Absorbance values over time of the standard data set (n=97) and the manual
differentiation into samples exhibiting enzyme activity (green) and only background activity
(gray). The only different result obtained from manual analysis and the Reliability Factor
(red) was manually defined as showing no activity while the Reliability suggested branching
activity.  The  data  differed  in  enzyme  type  and  concentration,  being  0.05-1.5 μg/ml
α-amylase (from A. oryzae, B. amyloliquefaciens, porcine pancreas), 1.5-45 μg/ml β-amylase
(from  B. cereus,  barley and sweet potato),  0.5-20 μg/ml maltohexaosidase,  2.0-7.5 μg/ml
maltogenic amylase, 8.5 μg/ml amyloglucosidase and 450-950 μg/ml branching enzyme. All
other conditions were 1 mg/ml potato amylose, 50 mM sodium phosphate buffer, pH 6.0,
incubated at 25°C, aliquots were taken every full min for 10 min.
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