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A B S T R A C T   

Endo-fucoidanases, including EC 3.2.1.211 endo-α-1,3-L-fucanase and EC 3.2.1.212 endo-α-1,4-L-fucanase ac-
tivities, catalyze depolymerization of fucoidans – a group of bioactive, sulfated fucosyl-polysaccharides found 
primarily in brown macroalgae (brown seaweeds). Quantitative assessment of endo-fucoidanase activity is 
critical for characterizing endo-fucoidanase kinetics and for comparing the action of different endo-fucoidanases 
on different types of fucoidans. However, the current state-of-the-art endo-fucoidanase assay consists of a 
qualitative assessment based on Carbohydrate–Polyacrylamide Gel Electrophoresis. Here, we report a new 
quantitative endo-fucoidanase assay based on real time spectral evolution profiling of changes in substrate and 
product during endo-fucoidanase action using Fourier Transform InfraRed spectroscopy (FTIR) combined with 
Parallel Factor Analysis (PARAFAC). The FTIR-PARAFAC assay was validated by monitoring the reaction 
progress of three different microbial endo-fucoidanase enzymes, FcnAΔ229, FFA2 and Fhf1Δ470, on two 
different fucoidan substrates. The substrates were purified from the brown macroalgae Fucus evanescens and 
Fucus vesiculosus, respectively. The evolution profiling showed that the strongest spectral change of the fucoidans 
during enzymatic depolymerization occurred in the spectral range 1220–1260 cm− 1, but the profiles differed 
depending on the substrate and the enzyme used. Spectral changes within 1220–1260 cm− 1 are in agreement 
with the enzymatic depolymerization inducing signature changes in the mid-infrared absorption of sulfated 
fucosyls as sulfate ester bonds and C-O stretching vibrations absorb in this spectral region. Based on the data 
obtained, we also introduce an activity unit for endo-fucoidanases: One endo-fucoidanase Unit, Uf, is the amount 
of enzyme able to catalyze a change in the FTIR-PARAFAC score by 0.01 during 498 s of reaction (8.3 min) on 20 
g/L pure fucoidan from F. evanescens at 42 ◦C, pH 7.4, 100 mM NaCl and 10 mM CaCl2. This new quantitative 
endo-fucoidanase assay can pave the way for better kinetic characterizations as well as novel explorations of 
endo-fucoidanases.   

1. Introduction 

Fucoidans are natural brown seaweed polysaccharides composed 
primarily of a backbone chain of sulfated fucose residues (α-L fucosyl 
moieties). Fucoidans possess a range of biological activities that have 
been demonstrated mostly in vitro but also in some cases in vivo [1]. The 
beneficial activities include anticoagulant [2], antithrombotic [3], 

antiviral [4], antioxidant [5], anti-tumorigenic effects [6], 
anti-angiogenic properties in vitro [7] as well as anti-inflammatory ef-
fects with promising effects against the eye-disease Age-Related Macular 
Degeneration (AMD) [8]. Low molecular weight fucoidans have also 
been reported to exert a range of potentially beneficial properties 
[9–14]. 

Fucoidans are classically described as having a backbone of either 

Abbreviations: FTIR, Fourier Transform Infrared spectroscopy; PARAFAC, parallel factor analysis; C-PAGE, carbohydrate polyacrylamide gel electrophoresis; Fv, 
Fucus vesiculosus; Fe, Fucus evanescens. 
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(1→3) or alternating (1→3)- and (1→4)-linked α-L-fucosyls, but, fucoi-
dans have different structures depending on the algal origin. The 
structural variations include differences in their glycosidic linkage pat-
terns, degree of sulfation and acetylation, branching, and mono-
saccharide composition [15]. Fucoidans from Fucus vesiculosus and Fucus 
evanescens have a similar L-fucosyl backbone of alternating (1→4) and 
(1→3)-linked α-L-fucosyls, but the degree and position of sulfation in the 
fucoidan molecules differ. The most homogenous fraction of 
F. evanescens fucoidan consists of a linear main chain of alternating 
C2-sulfated (1→3)- and (1→4)-linked α-L-fucosyl residues, but a few of 
the (1→3)-linked fucosyl residues are sulfated on position C4 [16]. By 
contrast, in F. vesiculosus fucoidan, most sulfate groups occupy position 
C4 of the L-fucosyl residues [17], and this type of fucoidan has only very 
few C2 and C2/C4-sulfatations (C3 sulfation is rare) [18]. Hence, 
fucoidans of F. vesiculosus have far greater C4 sulfation than fucoidan 
from F. evanescens. 

Endo-fucoidanases are glycoside hydrolases that catalyze depoly-
merization of fucoidans by cleavage of the α(1→3)-linkages (EC 
3.2.1.211 endo-α-1,3-L-fucanase/fucoidanase) or the α(1→4)-linkages 
(EC 3.2.1.212 endo-α (1→4)-L-fucanase/fucoidanase) in the backbone 
of fucoidans in an endo-acting manner [19]. Based on sequence simi-
larity, the endo-α(1→4)-L-fucoidanases belong to glycoside hydrolase 
(GH) family 107, while the endo-α (1→3)-L-fucoidanases are catego-
rized in either family GH168 or GH107 (www.cazy.org, [20]). Both 
enzyme families harbor endo-fucoidanases that act on fucosyl bonds 
linking sulfated α-L fucosyls. Currently there are only 29 members in the 
GH107 family, and 47 members in family GH168 [20]. 

The endo-fucoidanase FcnA originating from the marine bacterium 
Mariniflexile fucanivorans was the founding member of the GH107 family 
[21]. The full length FcnA enzyme is unstable, but a C-terminally 
truncated version of FcnA, named FcnA2, was found to exert 
endo-α(1→4) action on fucoidans and release oligosaccharides of the 
structure [→4)-α-L-Fuc2,3S-(1→3)-α-L-Fuc2S-(1→]n [21]. Recently, it 
was found that a larger deletion of the C-terminal, FcnAΔ229 (devoid of 
229 amino acids of the C-terminus) further stabilized the enzyme, and 
that this truncated version of the enzyme had high activity on fucoidan 
from F. evanescens and low activity on F. vesiculosus fucoidan [22]. FFA2, 
a family GH107 endo-α(1→4) fucoidanase originating from the marine 
bacterium Formosa algae KMM3553T, was described to release oligo-
saccharides of the structure [→4)-α-L-Fuc2S(1→3)-α-L-Fuc2S 
(1→4)-α-L-Fuc2S(1→3)-α-L-Fuc2S]n, sulfated at C2 on all fucosyl resi-
dues, from fucoidan from F. evanescens [23]. Likewise, the recently 
characterized Fhf1 from Formosa haliotis, which was also stabilized by 
C-terminal deletion (Fhf1Δ470), also readily released C2 sulfated oli-
gosaccharides of the same structure [→4)-α-L-Fuc2S(1→3)-α-L-Fuc2S 
(1→4)-α-L-Fuc2S(1→3)-α-L-Fuc2S-(1→]n by endo-α(1→4) specific hy-
drolysis of fucoidan from F. evanescens [24]. 

The lack of a sensitive quantitative endo-fucoidanase assay is a major 
impediment for achieving robust characterization of endo-fucoidanase 
enzyme kinetics. For enzymes acting on polysaccharides quantitative 
assays that directly measure the enzymatic reaction rate as the trans-
formation of a particular molar amount of substrate per unit time are 
notoriously complicated because it is usually difficult to define the exact 
molarity of the substrate. Many currently used assays therefore rely on 
artificial or dyed (e.g. azo-dyed or azurine cross-linked (AZCL)) versions 
of the particular polysaccharides. The use of such chromogenic sub-
strates allow enzyme activity estimation by spectrophotometric detec-
tion of color change. However, no colored fucoidan substrates for such 
assays are commercially available. Another strategy to measure glyco-
side hydrolase enzyme activity on polysaccharides, is determination of 
the extent of polysaccharide cleavage achieved by measuring the 
amount of reducing sugars produced during the enzymatic hydrolysis 
[25]. However, reducing sugar measurements are not possible for 
quantitatively determining enzymatic degradation of fucoidans, likely 
because of background coloring of the fucoidan substrates or other in-
terferences. Currently, the state-of-the-art method for assessing 

enzymatic action of endo-fucoidanases is by 
Carbohydrate-Polyacrylamide Gel Electrophoresis (C-PAGE) [26]. This 
method enables visualization of product formation resulting from the 
depolymerization (by colored bands in a gel), but cannot be used for 
quantitative kinetics. 

Fourier Transform Infrared (FTIR) spectroscopy measures absorption 
of chemical bonds in the mid-infrared frequency range. The measure-
ment principle is based upon that the absorption of the organic chemical 
bonds having an electric dipole moment that changes during vibration 
produces a unique fingerprint that reflect the structural chemical 
composition of the biomolecule. Any changes occurring in the sample 
with time, can be measured in a time resolved manner. Rather than 
monitoring the change in intensity of a single, specific peak in the FTIR 
spectrum, continuous time-resolved monitoring of the full spectral 
fingerprint in the mid-infrared range enables measurement of several 
changes taking place simultaneously including the spectral changes in 
both substrate and products during an enzymatic reaction [27]. In this 
way FTIR is useful as a tool for quantifying the enzyme activity and thus 
suitable for enzyme kinetics measurements [27,28]. FTIR combined 
with multiway analysis has indeed previously been demonstrated to be a 
universally applicable approach for rapid assessment of enzyme activity 
on complex biopolymers [27]. The validity of FTIR measurements 
coupled to Parallel Factor Analysis (PARAFAC) has also proven useful 
for definition of a laccase unit for conversion of different monolignol 
substrates and in turn provide a suitable reference system for laccase 
activity comparisons [28]. 

Enzyme assays based on FTIR exploit that organic compounds, 
including substrates and products of an enzymatic reaction, have 
distinguishable spectral fingerprints in the mid infrared region. The 
continuous determination of substrate consumed and products formed 
during the reaction can therefore be used for quantitative enzyme ac-
tivity measurements by profiling the spectral evolution using multiway 
analysis [29]. FTIR has been used to determine the structure of fucoi-
dans by comparing characteristic signals of the spectrum to a fucoidan 
standard (e.g. fucoidan from F. vesiculosus) [30], but has never been used 
to assay endo-fucoidanase activity. 

Here we present the spectral evolution of endo-fucoidanase reactions 
monitored by FTIR and propose a new enzyme unit definition for endo- 
fucoidanase activity based on PARAFAC analysis of the time-resolved 
FTIR spectra. Three different fucoidan α-1→4 linkage-specific en-
zymes, FcnAΔ229, FFA2 and Fhf1Δ470, from different marine bacteria, 
were evaluated on fucoidan purified from F. evanescens and 
F. vesiculosus, respectively. 

2. Materials and methods 

2.1. Materials 

Fucoidan from F. vesiculosus was purchased from Sigma-Aldrich 
(Steinheim, Germany) and used as is. Fucoidan from F. evanescens was 
extracted and fractionated as previously described [31]. The recombi-
nant marine bacterial endo-fucoidanases Fhf1Δ470 (molar weight 71 
kDa) from F. haliotis, FFA2 (molar weight 99 kDa) from F. algae 
KMM3553T, and FcnAΔ229 (molar weight 80 kDa) from 
M. fucanivorans, were recombinantly expressed individually in Escher-
ichia coli as described previously [22,24]. 

The Fhf1Δ470 construct included a C-terminal 10xhistidine tag, the 
FcnAΔ229 harbored an N-terminal 10xhistidine tag, while FFA2 had a 
C-terminal 6xhistidine tag. The recombinantly produced enzymes were 
his-tag purified on a Ni2+ Sepharose HisTrap HP column followed by 
imidazole removal as described previously [22,24]. 

2.2. Carbohydrate polyacrylamide gel electrophoresis (C-PAGE) 

F. evanescens fucoidan (0.9% by weight per volume (w/v)) was 
treated with enzymes in 20 mM Tris-HCl, pH 7.4, 10 mM CaCl2, using 
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Fhf1Δ470 (0.1 mg/mL (1.4 µM) and incubated from 0 to 3 h at 37 ◦C, 
followed by heat inactivation at 80 ◦C for 10 min [24]. One volume of 
the reaction sample was mixed with one volume of loading buffer (20% 
glycerol and 0.02% phenol red). Samples (10 µL) were loaded on a 20% 
(w/v) 1 mm thick polyacrylamide gel and run at 400 V for 1.5 h, using 
100 mM Tris-borate buffer pH 8.3 as running buffer. Gel staining was 
performed with a solution containing 0.5% W/v alcian blue 8 GX 
(Panreac, Barcelona, Spain) in 2% acetic acid and 0.02% O-toluidine 
(Sigma-Aldrich, Steinheim, Germany) in 25% ethanol, for 1 h at room 
temperature. The gel was washed with distilled water until bands were 
visible. The gel was destained in water. 

2.3. High Performance Size Exclusion Chromatography (SEC) analysis 

High Performance Size Exclusion Chromatography (SEC) was per-
formed using an Ultimate iso-3100 SD pump with a WPS-3000 sampler 
(Dionex, Sunnyvale, CA, USA) connected to an RI-101 Shodex refractive 
index detector (Showa Denko K.K, Tokyo, Japan). Three times diluted 
sample (100 µL) was loaded on a Shodex SB-806 HQ GPC column (300 
× 8 mm) equipped with a Shodex SB-G guard column (50 ×6 mm) 
(Showa Denko K.K, Tokyo, Japan). Elution was performed at a flow rate 
of 0.5 mL/min using 100 mM sodium acetate pH 6 at room temperature. 
Pullulan of 800, 400, 110, 12, and 5 kDa (Sigma-Aldrich, Steinheim, 
Germany) were used as standards. 

2.4. FTIR measurements 

All IR spectra were scanned using a FTIR instrument MilkoScan™ 
FT2 (FOSS ANALYTICAL, Hillerød, Denmark) in the range 1000–2000 
cm− 1. Acquisition was carried out according to the method described in 
[32] with an optical resolution of 14 cm− 1. Each sample was injected 
manually via a loop into the cuvette inside the FTIR instrument using a 
syringe. The cuvette was maintained at a temperature of 42 ◦C and had a 
path length of 50 µm. The enzyme reaction mixture of 1 mL volume 
contained 2% weight/volume (w/v) fucoidans (from either F. evanescens 
or F. vesiculosus) in 20 mM Tris-HCl buffer pH 7.4, 100 mM NaCl and 10 
mM CaCl2. Depending on the substrate used, the enzymes were dosed at 
different levels: Fhf1Δ470 was dosed at 1.1, 1.7, 2.3, 3.9, 5.6 and 7.6 µM 
for reactions on fucoidan from F. vesiculosus, and at 1.1, 2.3, 3.0, 3.4, 4.5 
and 6.8 µM for reactions on fucoidan from F. evanescens; FcnAΔ229 was 
dosed at 0.3, 0.7, 1.4, 2.8, 3.7 and 7.4 µM for reactions on fucoidan from 
F. vesiculosus and at 0.7, 1.4, 2.8, 3.7, 5.5 and 14.9 µM for reactions on 
fucoidan from F. evanescens; FFA2 was dosed at 0.9, 1.4, 2.0, 3.1, 4.3 and 
6.5 µM for reactions on fucoidan from both F. vesiculosus and 
F. evanescens. After addition of the enzyme, each reaction mixture was 
injected immediately into the FTIR instrument and up to 400 spectra, 
equivalent to 16.6 s each, were acquired consecutively during the re-
actions that lasted up to 2 h. In order to ensure that the measured 
spectral evolution was due to enzymatic action on the substrate and not 
a result of other effects, three different control experiments were per-
formed: (1) The evolution profile of the substrate in the absence of 
enzyme was measured by replacing the enzyme with buffer solution 
containing 20 mM Tris-HCl buffer at pH 7.4, 100 mM NaCl and 10 mM 
CaCl2; (2) The evolution profile of the enzyme in the absence of the 
substrate was obtained by replacing the substrate with buffer solution 
containing 20 mM Tris-HCl buffer at pH 7.4, 100 mM NaCl and 10 mM 
CaCl2; (3) The evolution profile of the substrate with inactivated enzyme 
(95 ◦C for 30 min) added. 

All spectral evolution profiles were analyzed by subtracting the 
spectral background given by buffer, substrate and (any) blank enzyme 
protein signals from the overall reaction system evolution profile. The 
FTIR evolution profiles were recorded over time and recorded at 
different enzyme concentrations to monitor changes in the spectral 
evolution according to enzyme dosage. The dosage dependent spectral 
evolution was used to measure endo-fucoidanase activity as described 
below. All measurements of reactions and controls were performed in 

triplicates. 

2.5. Data handling and analysis 

The Foss integrator (version 1.5.3, Foss Analytical, Hillerød, 
Denmark) was used to export the acquired spectral data. The subsequent 
data analysis was carried out using MATLAB (The Mathworks Inc., MA, 
USA) and the N-Way toolbox as reported previously [27,28,33]. 

2.5.1. PARAFAC analysis 
Calibration curves for all endo-fucoidanase reactions were estimated 

using Parallel Factor Analysis (PARAFAC). PARAFAC is a chemometric 
(statistical) tool for analyzing a multiway dataset [34] such as a three 
dimensional dataset. PARAFAC decomposes a tensor into loadings and 
scores in a suitable subspace. PARAFAC is thus an unsupervised tensor 
decomposition method that can extract distinct data correlation patterns 
from a complex dataset and help reveal changes in correlation patterns 
for different experimental conditions (e.g. enzyme dosages). Fig. 1 il-
lustrates PARAFAC analysis for a one component decomposition where 
the tensor X is decomposed into two loading matrices, A and B, and a 
score matrix C (Fig. 1 matrix A, B and C). Matrix A, spectral mode 
loading, contains the fingerprints of the enzymatic system that is 
completely enzyme dosage independent; matrix B, time mode loading, 
contains the spectral number as a function of enzyme dosage and is time 
dependent; matrix C, scores, describes the projections of the spectral 
changes in A in relation to enzyme dosage in B. 

In this way PARAFAC is able to find common profiles and/or patterns 
present in all samples and to perform a fitting where all common profiles 
are taken into account simultaneously, resulting in a unique solution 
(result) [34]. The unique result is obtained through an iterative process 
and is achieved when the right number of components give satisfactory 
linearity (R2) (Fig. 1 Calibration curve) when a core consistency diag-
nosis number known as the CORCONDIA number is applied [35]. A 
PARAFAC model is valid when the CORCONDIA number, which iden-
tifies the maximum number of components necessary for PARAFAC to 
fully describe the dataset, is as close as possible to 100%, and not lower 
than 90% [27]. 

As exemplified earlier [27,36], single evolution profiles of enzyme 
reactions recorded for different dosages of enzymes can be represented 
as a matrix, and the individual matrices from each experiment can be 
stacked to form a three-way tensor because each enzyme dosage 
experiment was measured using the same consecutive time steps. Here, 
prior to analysis, all the evolution profiles were centered across all three 
modes to remove unwanted offsets. In the specific case three individual 
tensors were obtained for each enzyme-substrate couple, i.e. one tensor 
for each replicate, and these tensors were used as a starting point for the 
PARAFAC analysis. When the scores were plotted against the enzyme 
concentration, calibration curves were obtained (Fig. 1) and the line-
arity of the calibration curves was used to assess the PARAFAC model fit. 
If a high degree of correlation (R2) is observed, the spectral mode 
loading (Fig. 1 matrix A) represents the true enzymatic action pattern 
[27]. Finally, the fitted linear PARAFAC models were used to quantify 
endo-fucoidanase activity. 

3. Results and discussion 

3.1. Spectral evolution profiles by FTIR analysis 

FTIR spectroscopy measures the absorbance pattern of the chemical 
bonds with an electric dipole moment that changes during vibration. 
Since the spectral evolution profiles for each enzyme-substrate combi-
nation represent simultaneous substrate consumption and product for-
mation, the evolution profiles generate a specific spectral fingerprint for 
each enzymatic reaction, that defines the enzyme activity on the 
particular substrate [27]. Accordingly, the time resolved spectral 
changes occurring during the enzymatic reactions differed significantly 
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depending on the type of substrate (Fig. 2), and the difference between 
the activity of the three different enzymes, Fhf1Δ470, FFA2, and 
FcnA2Δ229, was mainly manifested by the onset, i.e. spectral number, 

of the spectral change, and the extent of the spectral changes occurring 
during the enzyme reaction (Fig. 2). For Fhf1Δ470 the time-dependent 
endo-fucoidanase action was supported by C-PAGE analysis and 

Fig. 1. Stylized representation of the principle of the PARAFAC decomposition of FTIR spectral data. The two data analysis steps: 1. Evolution profiles for different 
endo-fucoidanase concentrations obtained by FTIR (to the left). 2. PARAFAC decomposition of the tensor X using one component into loadings and score matrices. 
Matrix A is the spectral signal received from each enzyme reaction (spectral mode loadings). Matrix B is the number of spectra received in a continuous period of 
time, the distance between spectra is 16.6 s (time mode loadings), and matrix C is the relationship between the change of spectra in A, and the different enzyme 
dosages in B (the PARAFAC scores). The PARAFAC scores (matrix C) are plotted versus the enzyme dosage to obtain a calibration curve. These latter linear curves are 
used to estimate the enzyme activity and to define an enzyme unit. 

Fig. 2. FTIR-spectral changes during extended endo-fucoidanase reactions, ~55 min, on 2% w/v fucoidans purified from F. vesiculosus (a-d) and F. evanescens, 
respectively (e-h): a) F. vesiculosus fucoidan control, i.e. F. vesiculosus substrate without any enzyme addition; b) Fhf1Δ470 acting on F. vesiculosus fucoidan; c) FFA2 
acting on F. vesiculosus fucoidan; d) FcnAΔ229 acting on F. vesiculosus fucoidan; e) F. evanescens fucoidan control, i.e. F. evanescens substrate without any enzyme 
addition; f) Fhf1Δ470 acting on F. evanescens fucoidan; c) FFA2 acting on F. evanescens fucoidan; d) FcnAΔ229 acting on F. evanescens fucoidan. In general, changes in 
spectral responses only occurred from wavenumber 1150–1500 cm-1, which is why only this range is shown. 
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HPSEC analysis on fucoidan from F. evanescens (Supplementary infor-
mation, Fig. S1). No FTIR changes were recorded for the corresponding 
substrate controls (Fig. 2a), 2e)) or for any of the control runs with 
inactivated enzyme (Supplementary information, Fig. S2), affirming 
that the spectral changes in the reaction samples were a result of the 
enzymatic reaction on the particular substrate. 

Absorption in the wavenumber region 1248–1260 cm-1 (1256 cm-1) 
corresponds to S = O sulfate ester bonds [14]. Although there were 
many changes in the spectra of the samples, all samples analyzed 
exhibited a broad band around 1220–1260 cm− 1, indicative of change in 
the vibrations of sulfate in the substrate during the enzymatic reaction. 
Bands at 1200–1000 cm− 1 are attributed to C–C and C–O stretching 
vibrations in pyranoid rings and to C–O–C stretching of glycosidic 
bonds; hence, spectral changes in the region 1170–1200 cm− 1, espe-
cially between 1150 and 1180 cm− 1 (1154–1184 cm-1) are interpreted 
as being related to hydrolysis of glycosidic bonds, i.e. endo-fucoidanase 
action. Considering that the fucoidan structure consists of a 
fucosyl-backbone with sulfate groups, it is not surprising that the biggest 
spectral changes occurred in the overlapping wavenumber region of 
1150–1250 cm-1. 

On F. evanescens fucoidan, the spectral absorbance changes occurred 
already from spectral number 10, i.e. within 3 min of reaction, with an 
absorbance increase around 1150 cm-1 and 1300 cm-1 and a dip in the 
range 1200–1280 cm-1, whereas on F. vesiculosus fucoidan the absor-
bance changes generally started only from spectral number ~50, i.e. 
after more than 10 min of reaction, where an increase in absorbance 
from wavenumber 1300–1500 cm-1 and a simultaneous profound 
decrease in the wavenumber range ~1130–1250 cm-1 was evident 
(Fig. 2). In general, the enzyme reactions were thus significantly faster 
and the spectral changes more profound on the F. evanescens fucoidan 
than on the F. vesiculosus fucoidan (Fig. 2). This result is most likely due 

to the more complex structure of the F. vesiculosus substrate that contains 
more sulfates and moreover sulfation at different positions than the 
F. evanescens fucoidan. Overall, these findings verify that FTIR is capable 
of recognizing the different fine-chemical fingerprints during endo- 
fucoidanase digestion of different fucoidans. 

3.2. Dosis-response effects of enzyme dosage 

From the evolution profiles of individual reactions at different 
enzyme dosages on the F. evanescens fucoidan substrate, it was evident 
that increased enzyme dosage produced more intense and faster spectral 
evolution for all three enzymes, Fhf1Δ470, FFA2, and FcnA2Δ229 
(Figs. 3–5). This enzyme dosage effect was also observed on the equiv-
alent enzymatic reactions on F. vesiculosus fucoidan (Supplementary 
information, Figs. S3-S5). These results confirmed that the obtained 
spectral evolution profile indicated enzymatic activity. 

When comparing the evolution profiles of the three different en-
zymes at an approximately equal dosage level, e.g. enzyme addition at a 
level of 3–3.1 μM on the F. evanescens substrate, certain differences in 
the profiles produced by the three different enzymes were evident 
(Figs. 3c, 4e, 5c). Fhf1Δ470 and FFA2 both produced decreased absor-
bance at wavenumbers 1157, 1184, 1218, 1237, 1261, 1288, 1338, 
1376, 1464 cm− 1 (Fhf1Δ470) (Fig. 3) and 1184, 1226, 1249, 1303, 
1369, 1496 cm− 1 (FFA2) (Fig. 4); whereas FcnA2Δ229 produced 
absorbance increase in the wavenumber region 1260–1300 cm− 1 and 
the spectra mostly differentiated at 1184, 1264, 1438, 1496 cm− 1 at 
higher enzyme dosage levels (Fig. 5). 

Although all of the enzymes have specificity for catalyzing the 
cleavage of α(1→4)-glycosidic bonds in fucoidan backbones consisting 
of alternating α(1→4) and α(1→3)-linked fucosyl moieties, FTIR 
revealed differences in the spectral evolution response among the three 

Fig. 3. FTIR spectral evolution profiles of initial rate reactions (30 spectra, 8.3 min) with different dosage levels of Fhf1Δ470 acting on 2% w/v fucoidan from 
F. evanescens: (a) 1.12 μM enzyme; (b) 2.24 μM enzyme; (c) 2.94 μM enzyme; (d) 3.36 μM enzyme; (e) 4.48 μM enzyme; (f) 6.72 μM enzyme. 
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Fig. 4. FTIR spectral evolution profiles of initial rate reactions (30 spectra, 8.3 min) with different dosage levels of FFA2 acting on 2% w/v fucoidan from 
F. evanescens: (a) 0.61 μM enzyme; (b) 0.91 μM enzyme; (c) 1.42 μM enzyme; (d) 2.03 μM enzyme; (e) 3.14 μM enzyme; (f) 6.68 μM enzyme. 

Fig. 5. Spectral evolution profiles of initial rate reactions (30 spectra, 8.3 min) with different dosage levels of FcnAΔ229 acting on 2% w/v fucoidan from 
F. evanescens: (a) 0.75 μM enzyme; (b) 1.51 μM enzyme; (c) 3.02 μM enzyme; (d) 4.02 μM enzyme; (e) 6.03 μM enzyme; (f) 16.3 μM enzyme. 
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enzymes indicating that the enzymes attack and catalyze hydrolysis of 
the substrate differently. The catalytic domain (D1) of the GH107 
fucoidanases has been determined through crystal structure analysis 
[37] and the identity of the D1 domain between FFA2, FcnA and Fhf1 is 
from 63% to 72%, with FcnA and Fhf1 showing the highest mutual 
identity of 72%. 

Detailed studies involving NMR analysis of the products have shown 
that FFA2 [23] and Fhf1Δ470 [24] only catalyze hydrolysis of bonds 
between C2 sulfated α-fucosyls in the backbone of F. evanescens fucoi-
dan. FcnA has been reported to produce C2-sulfated fuco-oligo-
saccharides when acting on fucoidan from Pelvetia canaliculata [21], but 
the exact cleavage point in F. evanescens fucoidan has not been described 
in detail for FcnA. The FTIR spectra (Figs. 3–5) indeed seem to indicate 
that FcnA (FcnA2Δ229) may attack fucoidan differently than Fhf1Δ470 
and FFA2. However, it is most likely that the enzymatic attack pattern, i. 
e. the range between the cleavage points in the fucoidan backbone, 
rather than the ability of the enzymes to accommodate sulfated fucosyls 
near the attack point, that differs among the enzymes. This interpreta-
tion is supported by the observation that the spectral evolution does not 
change when a medium molecular weight F. evanescens product result-
ing from Fhf1Δ470 hydrolysis is further treated with either of the three 
enzymes (Supplementary information, Fig. S6). The latter data suggest 
that the final degradation products are the same when reactions are 
completed, but the order or pattern of degradation most likely differs 
among the enzymes. FTIR spectrometry thus makes it possible to register 
minor differences in the substrate degradation preferences of different 
endo-fucoidanase enzymes. Hence, FTIR spectroscopy can be used to 
identify distinct specificities of endo-fucoidanases, not yet addressed by 
traditional analytical methods. 

3.3. Parafac analysis 

A PARAFAC model of a three-way array is given by three loading 
matrices, A, B, and C, with the elements spectral mode loadings, time 
mode loadings and the scores of PARAFAC (Fig. 1) [27]. PARAFAC is an 
unsupervised multiway method that involves tensor decomposition to 
identify loadings and scores to represent data in a suitable subspace. A 

three-way tensor can therefore be understood as a ‘data cube’, and a 
trilinear (PARAFAC) component is thus given by the tensor product of 
three vectors (Fig. 1). 

Each individual measured dosage of enzyme was collected at the 
same successive time steps. Furthermore, each enzymatic reaction, i.e. 
each individual enzyme dosage treatment on each substrate, was 
repeated three times. Each experimental frame of different enzyme 
dosages on each of the two fucoidan substrates thus formed one single 
PARAFAC model taking account of all three replicates at the same time 
to give an enzyme activity calibration curve for the particular enzyme on 
each substrate (Figs. 6 and S7). In all cases, a plot of the PARAFAC score 
(component 1 loadings) versus enzyme dosage in μM, gave linear 
enzyme activity calibration curves, Y = αX + β for each enzymatic re-
action replicate on F. evanescens as substrate (Fig. 6). The steepest slope 
was achieved for the FFA2 enzyme, which was in accord with this 
enzyme producing the most profound spectral absorbance changes 
during the reaction (Fig. 2 g). 

A valid PARAFAC analysis is described by calibration curves with 
correlations R2 > 0.9 and a CORCONDIA value as close as possible to 
100. For all three enzymes, these conditions were verified (Tables 1 and 
S1). The lowest coefficient was a value of R2 = 0.93 for the Ffh1Δ470 
endo-fucoidanase acting on the F. vesiculosus fucoidan, even though the 
CORCONDIA value was 100% (Table S1) while the highest correlation 
coefficient of R2 = 0.98 was achieved for the FFA2 endo-fucoidanase 
acting on F. evanescens. Each linear curve (Fig. 6) thus represents a 
quantitative measurement of the endo-fucoidanase reaction, in which 
the PARAFAC scores on the Y-axis resulting from multi-way decompo-
sition are linearly dependent on the enzyme dosage. The FTIR mea-
surement of the spectral evolution of the given endo-fucoidanase 
catalyzed reaction combined with multi-way PARAFAC analysis thus 
provides a continuous assay for quantifying endo-fucoidanase activity. 

3.4. Definition of an endo-fucoidanase unit 

Since there is a linear relation between the PARAFAC score and the 
amount of enzyme reacting, it is possible to define an enzyme unit as an 
amount of enzyme able to change the PARAFAC score with a particular 

Fig. 6. Linear correlations of First Component PARAFAC scores of spectral evolution data of 30 spectra (8.3 min) plotted versus enzyme dosage for each of the 
enzyme reactions with Fhf1Δ470, FFA2, and FcnAΔ229 action on F. evanescens; Correlation data are given in Table 1. 

Table 1 
Linear correlation equations and R2 values (average ± standard deviation) of PARAFAC calibration curves based on PARAFAC modeling of three replicate enzymatic 
reactions. The Corcondia value was 100 for all runs (Table S1).   

Substrate: Fucus evanescens Linear correlation (αX+β) R2 Substrate: Fucus vesiculosus Linear correlation (αX+β) R2 

Fhf1Δ470 Y = 0.0021⋅X – 0.007 0.95 ± 0.024 Y = 0.1150⋅X – 0.426 0.93 ± 0.028 
FFA2 Y = 0.0081⋅X – 0.020 0.97 ± 0.007 Y = 0.0896⋅X – 0.249 0.96 ± 0.040 
FcnA2Δ229 Y = 0.0011⋅X – 0.006 0.97 ± 0.018 Y = 0.0568⋅X – 0.150 0.94 ± 0.014  
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value. The recording of each spectrum took 16.6 s and the initial spectral 
evolution rate was defined over the first 30 spectra giving a total assay 
reaction time of 498 s. In classical enzymology, enzyme activity is 
defined as the amount of enzyme which will catalyze the transformation 
of a particular amount of substrate per unit time under standard con-
ditions. Based on the data, we propose here to define an endofucoida-
nase unit, Uf as the amount of enzyme able to change the value of the 
FTIR-PARAFAC score by 0.01 during 498 s of reaction (8.3 min) on 2% 
w/v F. evanescens fucoidan at 42 ◦C, pH 7.4, 100 mM NaCl and 10 mM 
CaCl2. 

Using this unit, the specific activity of each of the enzymes in unit/ 
µM (Uf/µM) an be calculated as: 

Fhf1Δ470 : 0.01=0.0021⋅concFhf1Δ470− 0.0070⇒concFhf1Δ470=8.10µM 

Hence, the specific activity of Fhf1Δ470=1.2⋅10-3 Uf/µM 

FFA2 : 0.01 = 0.0081⋅concFFA2–0.0199⇒concFFA2 = 2.47µM 

Hence, specific activity of FFA2 = 4.0⋅10-3 Uf/µM   

Hence, the specific activity of FcnA2Δ229 = 2.0⋅10-3 Uf/µM. 
The data thus established the FFA2 enzyme originating from the 

marine bacterium F. algae KMM3553T [23] as the fastest of the three 
fucoidanases examined here. We note, that for reactions on the 
F. vesiculosus substrate, the slope of the correlation line was steepest for 
Fhf1Δ470 (Table 1). The unit definition of each of the fucoidanases on 
fucoidan from F. vesiculosus was also calculated. 

Fhf1Δ470 : 0.01 = 0.1150⋅concFhf1Δ470 − 0.4264⇒concFhf1Δ470

= 3.80 µM 

Hence, the specific activity of Fhf1Δ470 = 2.6⋅10-3 Uf/µM 

FFA2 : 0.01 = − 0.0896⋅concFFA2+ 0.2491⇒concFFA2 = 2.67µM 

Hence, specific activity of FFA2 = 3.8⋅10-3 Uf/µM 

FcnA2Δ229 : 0.01

= − 0.0568⋅concFcnA2Δ229 − 0.1503⇒concFcnA2Δ229

= 2.47µM 

Hence, the specific activity of FcnA2Δ229 = 4.0⋅10-3 Uf/µM. 
While the defined unit of FFA2 is comparable on the two different 

substrates, an approximate doubling in the unit is observed for 
Fhf1Δ470 (from 1.2⋅10-3 to 2.6⋅10-3 Uf/µM) and FcnAΔ229 (from 
2.0⋅10-3 to 4.0⋅10-3 Uf/µM) on fucoidan from F. vesiculosus as compared 
to on F. evanescens fucoidan. The data thus verify that the specific ac-
tivity unit definition will change with changing substrates. These results 
thus indeed corroborate that FTIR can register differences in the fucoi-
danase catalyzed conversion of various fucoidan substrates. This has 
also been shown for FTIR analysis of laccase catalyzed oxidation of 
monophenolics [28]. 

Due to the R2 of 0.93 being poorer – probably because of the PAR-
AFAC analysis was overriding the lag-phase (Fig. 2), the data obtained 
for reactions on F. evanescens fucoidan as substrate are considered more 
reliable. Further, although the F. vesiculosus fucoidan substrate is 
commercially available, it is known as a notoriously recalcitrant fucoi-
dan substrate likely due to its sulfation pattern [22,24] - and thus not 
optimal as a general fucoidan reference for quantitative 
endo-fucoidanase analysis. Most characterized fucoidanases specific for 

α-1→4 linkages have so far shown activity on fucoidan from 
F. evanescens [10,22–24], making this substrate a good candidate for 
assessment of endo-α(1→4) activity of endo-fucoidanases on fucoidans 
using FTIR and PARAFAC analysis. 

On this basis we suggest that FFA2 acting on F. evanescens fucoidan is 
used as a general reference for endo-fucoidanase activity measurements 
by FTIR in all future work on endo-fucoidanase discovery and activity 
characterization. 

4. Conclusions 

In this work, a new quantitative assay was established for assessing 
endo-fucoidanase activity. The assay is based on continuous measure-
ment of the evolution of FTIR spectra during enzymatic reaction on a 
purified natural fucoidan substrate, combined with multiway analysis of 
the data obtained using PARAFAC analysis. The retrieved models of the 
FTIR spectral fingerprints obtained by PARAFAC analysis, were used to 
quantify the kinetics of the enzyme reaction, and the data used to define 
a new endo-fucoidanase activity unit. 

FTIR measurements uniquely allows simultaneous measurement of 
spectral changes resulting from product formation and substrate con-
sumption. In order to capture these changes and maximize utilization of 
the information obtained (including detection of distinct structural 
changes resulting from a particular enzymatic attack preference), and at 
the same time handle the complexity of the data, multivariate regression 
analysis has to be used. We used PARAFAC analysis to establish the 
relationship between quantitative changes in the FTIR spectral profiles 
in response to enzyme dosage. The method was examined for three 
GH107 endo-fucoidanases of microbial origin, using two different 
fucoidan substrates from two different species of brown seaweed, i.e. 
Fucus evanescens and Fucus vesiculosus. The quantitation resulted in 
linear correlations that allow the definition of the first enzyme unit for 
endo-fucoidanases, namely an Uf, equivalent to the amount of enzyme 
able to catalyze a change in the FTIR-PARAFAC score by 0.01 during 498 s 
of reaction (8.3 min) on 2% w/v F. evanescens fucoidan at 42 ◦C, pH 7.4, 
100 mM NaCl and 10 mM CaCl2. Based on the data, this FTIR-PARAFAC 
assay with the enzyme FFA2 acting on F. evanescens fucoidan acting at 
these standard reaction conditions is proposed as a reference measure-
ment for future work involving endo-fucoidanase characterization. The 
provision of a quantitative assay for measuring endo-fucoidanase ac-
tivity provides a new foundation for understanding endo-fucoidanase 
action and for selection of endo-fucoidanases for modification of fucoi-
dan for practical applications. The FTIR monitoring coupled with 
PARAFAC multiway data analysis furthermore provides a fast analytical 
technology, which has potential as a high-throughput method for 
discovering novel endo-fucoidanases among a large set of clones or in 
expression libraries. 
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