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Temperature-Induced Recovery of a Bioactive Enzyme Using 1 

Polyglycrol Dendrimers: Correlation between Bound Water and 2 

Protein Interaction 3 

Enzyme application has gained importance over the past decade in bioprocess, 4 

biomedical, and pharmaceutical fields.  We found that polyglycerol dendrimers 5 

(PGDs), which are biocompatible molecules, can recover alcohol dehydrogenase 6 

(ADH) from aqueous solution under elevated temperature.  A low concentration of 7 

PGD (5 wt.%) is sufficient for the recovery of high enzymatic activity, although a 8 

high concentration (25–75 wt.%) of glycerol is generally required to stabilize ADH.  9 

The enzymatic activity of ADH in suspension with PGDs is over 60% but it is only 10 

10% in that with glycerol.  The results of osmolarity and spin-lattice relaxation 11 

time (T1) of water measurements in the presence of PGDs suggest that increased 12 

amounts of bound water to PGD molecules trigger aggregation along with the 13 

direct interaction with ADH.  PGDs  therefore represent good potential additives 14 

for direct recovery of enzymes from aqueous solutions. 15 

Keywords: Alcohol Dehydrogenase; Polyglycerol Dendrimers; Bound water; Protein 16 

stability;  Spin-lattice relaxation times 17 

 18 

Introduction 19 

Enzymes located at material–water interfaces have gained importance over the past 20 

decade in numerous fields, including surface chemistry[1], drug delivery[2], 21 

biosensing[3], and biocatalysts[4, 5, 6].  Major applications of enzymes are in medicine, 22 

textile industry, pharmaceutical industry, and food industry.  Enzyme applications 23 

involving interactions with biomaterials often cause loss of biological activity through 24 

protein unfolding and/or aggregation at the interface[7].  Although enzymes display 25 

aspects such as catalyst functions for highly specific reactions under mild conditions, such 26 

potential advantages are lost by denaturation during storage, limiting enzyme applications 27 

in industry.  Hence, enzymes with maintained or recovered activities could play important 28 
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roles in industrial uses.  Various protein recovery techniques aimed for medical use have 1 

been devised, yet maintaining high levels of enzyme activity following recovery remains 2 

challenging.   3 

Alcohol dehydrogenase (ADH) is a widely studied enzyme for biotechnology 4 

applications.  Supporting materials are required to recover ADH because free ADH 5 

cannot be reused due to its lack of long term stability under processing conditions and 6 

that it is difficult to recover from the reaction mixture.  When ADH is dissolved in 7 

aqueous solution, its thermal and chemical denaturation occurs because the folded 8 

structure is lost.  Many researchers have used additives and preservatives, including 9 

poloxamer[8], trehalose[9, 10], and glycerol[11, 12, 13, 14, 15], to prevent protein 10 

unfolding and obstruction of the active sites upon recovery and reuse.  11 

Glycerol is one of the most widely used low molecular weight solution additives 12 

that is effective in suppressing denaturation.  Hydroxyl groups on glycerol are believed 13 

to exchange water-bound amino acids with hydrophilic amino acids located on the protein 14 

surface or to enhance hydrophobic interactions among hydrophobic amino acids in 15 

proteins.  A high concentration (25–75 wt.%) of glycerol is required to obtain a good 16 

stabilizing effect[11, 12].  Leggewie and co-workers studied the effect of polyol additives, 17 

including glycerol, sorbitol, mannitol, salts, and PEG on the stability of ADH[16].  18 

Deactivation of ADH was prevented at very high concentrations of these additives.  The 19 

mechanism underlying stabilization remains unclear, but several possibilities have been 20 

suggested.  For example, polyol compounds might enhance hydrophobic interactions 21 

among non-polar amino acid residues[17].  In general, osmolytes such as glycerol 22 

stabilize proteins by shifting the denaturation equilibrium from the denatured state to the 23 

native state, with the concentration of hydroxyl groups being a key parameter for 24 

determining the stabilizing effects of polyols[18].  Vandate et al. proposed that protein 25 



4 

 

stabilization by glycerol[14] implies that glycerol interacts with protein N and O atoms 1 

through multiple hydrogen bonds, followed by a conformational change in the protein.  2 

Furthermore, glycerol preferably interacts with hydrophobic surface regions by orienting 3 

the protein in a manner that increases solvent hydration, thereby preventing protein 4 

aggregation at the water interface.   5 

Polyglycerol dendrimers (PGDs, Fig. 1) are dendrimers comprising glycerol units, 6 

which along with hyperbranched polyglycerols (HPGs) have been extensively studied for 7 

biomedical applications[19, 20, 21, 22, 23, 24, 25, 26, 27].  Unlike HPGs, PGDs are 8 

branched molecules with defined molecular weights[28] and thus support host–guest 9 

interactions in a stoichiometric manner[29, 30, 31, 32].  We have focused on PGDs as 10 

biomaterials rather than HPGs because of their perfect dendrimer characteristics:  the 11 

degree of branching (DB) of PGDs is 100%, whereas that of HPGs is 50–60%[19].  The 12 

100% DB leads to perfect functionalization of the periphery[33], which also results in 13 

perfect nanocoating on PMMA surface due to the densely packed functionalized groups 14 

that induce crystallization[34].  Considering the high functionalization performance, 15 

PGDs are likely to interact well with enzymes.  Similar to HPGs, PGDs are known as 16 

nontoxic and biocompatible molecules.  In addition, the weak amphiphilic nature[29, 30] 17 

of PGDs allows them to act as hydrotropic agents for solubilizing poorly soluble drugs[35, 18 

36]: the high local density and number of hydroxyl groups of PGDs alters the hydration 19 

state of water and drug molecules.  The influence of the densely packed hydroxyl groups 20 

and the branched nature of PGDs on enzyme activity remains unknown, although PGDs 21 

are expected to stabilize enzymes as well as glycerol.       22 

Here we propose a strategy of recovery of ADH using PGDs in an aqueous 23 

solution by elevating temperature to recover ADH as a precipitate.  PGD generation 1 24 

(G1), 2 (G2), and 3 (G3) were synthesized and their cytotoxicities were evaluated by 25 
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colony formation assay.  Even at a low concentration of PGDs (5 wt.%), elevated 1 

temperature induced aggregation containing ADH with high enzymatic activity.  The 2 

underlying mechanism was discussed in the view points of ADH conformational change 3 

upon supplying heat energy and water condition, which was analyzed by circular 4 

dichroism, differential scanning calorimetry (DSC), osmolarity and spin-lattice relaxation 5 

times (T1) of water measurements in the presence of PGDs.  Our results provide an 6 

estimate of the water activity and the number of hydrated water molecules per PGD 7 

molecule.  Temperature-induced ADH recovery using PGDs has good potential for 8 

bioprocess and biomedical engineering. 9 

(insert Fig. 1) 10 

Experimental 11 

Materials  12 

Allyl chloride, N-methylmorpholine N-oxide (NMO), 50 wt.% sodium hydroxide 13 

solution, and alcohol dehydrogenase from Saccharomyces cerevisiae (EC: 1.1.1.1) 14 

(ADH) were purchased from Sigma-Aldrich (Tokyo, Japan). 1,1,1-Tris (hydroxymethyl) 15 

propane (TMP) was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).  16 

Tetrabutylammonium bromide and OsO4 (4% in water) were purchased from Tokyo 17 

Chemical Industry Co. Ltd. (Tokyo, Japan).  β-nicotineamide adenine dinucleotide from 18 

yeast (NAD+), zinc chloride (ZnCl2), t-butanol (t-BuOH), sodium sulfate (Na2SO4), and 19 

silica gel 60 (230–400 mesh) were purchased from Nacalai Tesque, Inc. (Kyoto, Japan).  20 

Glycerol was purchased from Kanto Chemical Co. Inc. (Tokyo, Japan).  Acetone, 21 

petroleum ether, ethyl acetate, toluene, and methanol were of a reagent grade.  Aluminium 22 

oxide 90 (active acidic) was purchased from Merck Ltd. (Tokyo, Japan).   23 

 24 
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Synthesis and Characterization of PGDs 1 

PGD G1, G2, and G3 (Fig. 1) were synthesized and characterized according to previous 2 

reports[37, 38].  In brief, TMP used as a starting material was allylated by allyl chloride, 3 

which produced a PGD (G0.5).  Then, subsequent catalytic dihydroxylation of the allylic 4 

double bond of PGD-G0.5 was performed in the presence of OsO4 and NMO[37] to 5 

produce PGD-G1.  PGD-G1 was purified by column chromatography using aluminium 6 

oxide 90 (active acidic) as a column carrier (eluent: methanol), followed by silica gel 60 7 

(eluent: methanol: ethyl acetate = 5:5–10:0).  In the same manner, PGD-G2 and G3 were 8 

obtained.  The purification process allowed to remove osmium up to a sub-ppm order[19].   9 

[PGD-G1] 10 

1H-NMR (300MHz, D2O): 0.69(t,3H,CH3), 1.21(q,2H,CH3CH2), 3.19(s,6H,C(CH2)3), 11 

3.20-3.52(m,12H), 3.75(m,3H,CHOH); MALDI-TOF-MS (CHCA, 15000V, positive) 12 

m/z 379.2 [M+Na].   13 

[PGD-G2] 14 

1H-NMR (300MHz, D2O): 0.70(t,3H,CH3), 1.22(q,2H,CH3CH2), 3.19(s,6H,C(CH2)3), 15 

3.76-3.42 (m,45H); MALDI-TOF-MS (CHCA, 15000V, positive) m/z 824.4 [M+Na], 16 

840.5 [M+K].   17 

[PGD-G3] 18 

1H-NMR (300MHz, D2O): 0.70(t,3H,CH3), 1.23(q,2H,CH3CH2), 3.16(s,6H,C(CH2)3), 19 

3.71-3.45(m,105H),; MALDI-TOF-MS (CHCA, 15000V, positive) m/z 1713.4 [M+Na], 20 

1729.2 [M+K].   21 

 22 

Cytotoxic assay 23 

 Cytotoxicity of PGDs was assayed by the colony formation method[38].  V79 cells 24 

were obtained from JCRB Cell Bank (Japan) and cultured in a CO2 incubator (CO2 25 
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concentration: 5%, 37°C) using an Eagle’s MEM medium (MEM10 medium) containing 1 

10 vol.% of fetal bovine serum (lot number: 24300133, Moregate).  PGD-G2 and G3 2 

were dissolved in water for injection (Otsuka Pharmaceutical Factory, Japan), and the 3 

maximum treatment concentration was adjusted to a physiological limit dose of 5 mg/mL.  4 

Treatment concentrations were prepared to be 0.0977, 0.195, 0.391, 0.781, 1.56, 3.13, 5 

6.25, 12.5, 25.0, and 50.0 mg/ mL. 6 

After isolating V79 cells with 0.25% trypsin, a suspension of 103 cells/ mL was 7 

prepared, and 0.1 mL (100 cells) of this concentration was added to a 6-well plate 8 

containing 2 mL of MEM 10 medium (Well diameter: 35 mm).  The day after seeding, 9 

the medium in the well was removed and 1.8 mL of fresh MEM 10 medium was added.  10 

Either 200 µL water for injection (negative control) or the diluted test solution were added 11 

to the medium (solvent concentration 10 vol.%) and incubated in a CO2 incubator (CO2 12 

concentration 5%, 37°C) for 6 days. 13 

After completion, the medium was removed from the culture, and the cells were fixed 14 

with methanol and stained with 10 vol.% Giemsa solution.  The number of colonies per 15 

well (one consisting of 50 or more cells was taken as one) was assessed with a 16 

multipurpose high-speed image analyzer (Model No.: PCA-11, System Science Co Ltd., 17 

Tokyo, Japan) and compared with the negative control group.  The relative colony 18 

formation rate of the treated group was calculated, and the IC50 value was determined.  19 

As a positive control, zinc di-n-butyldithiocarbamate (ZDBC) was used, and the IC50 20 

value was calculated in the same manner.   21 

Turbidity measurements at 60 ̊C  22 

ADH was dissolved in 3 mL of 50 mM Tris–HCl buffer (pH 8.0) to be 0.7 or 10 μM in a 23 

quartz cell (optical length: 1 cm), then PGD-G1, G2, G3, or glycerol (150 mg) was added 24 
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to attain 5 wt.%.  The solution was stirred using a stirrer bar at 60°C in a UV-Vis 1 

spectrophotometer (Jasco V-550, JASCO Corporation, Tokyo, Japan) equipped with a 2 

program controller that maintains the temperature or controls the speed of temperature 3 

change.  Turbidity was determined by measuring the apparent absorbance at 600 nm for 4 

250 s.  5 

Enzymatic activity before and after heat treatment  6 

Enzymatic activity was analyzed spectrophotometrically by recording incremental 7 

changes in absorbance at 340 nm due to the formation of NADH during the oxidation of 8 

ethanol[39].  One unit of enzymatic activity was defined as the amount of enzyme 9 

necessary to produce 1 µmol NADH/min.  ADH activity before heat treatment was 10 

measured in the spectrophotometer using 2.7 mL of 50 mM Tris–HCl buffer (pH 8.0) 11 

containing 1 µM ADH, 100 µM NAD+, 20 µM ZnCl2, and 0.5 wt.% of each polymer 12 

(PGD-G1, G2, G3, or glycerol) under stirring in a quartz cell at room temperature.  13 

Absorbance measurements at 340 nm begun immediately at 25°C after adding 0.3 mL of 14 

3 mM ethanol in Tris buffer, and absorbance was monitored for 3 min.  Enzymatic activity 15 

after heat treatment at 60°C for 2 h was measured using the same conditions as described 16 

for turbidity measurements but using 10 μM ADH in 50 mM Tris–HCl buffer (pH 8.0) 17 

containing 150 mg of each polymer (PGD-G1, G2, G3, or glycerol) (3 mL) maintained at 18 

60°C in a water bath for 2 h.  An aliquot of the suspension (300 μL) was then removed 19 

and added to 2.4 mL of 50 mM Tris-HCl buffer (pH 8.0) containing 100 µM NAD+ and 20 

20 µM ZnCl2 in a quartz cell at 60°C.  Following the addition of 300 μL of 3 mM ethanol 21 

in Tris buffer, absorbance at 340 nm was measured immediately under stirring at 60°C in 22 

a water bath.  Enzymatic activity (U/mg) was calculated from the obtained initial slope 23 

of the increase in absorbance at 340 nm to provide the initial reaction rate, where one unit 24 

of activity was defined as the amount of enzyme required to produce 1 µmol NADH/min.  25 
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The remaining sample following heat treatment at 60°C was centrifuged, and 300 μL of 1 

the supernatant was assayed for enzymatic activity in the same manner.  2 

Residual ADH activity (%) after heat treatment in both the suspension and supernatant 3 

was calculated using the following equation:  4 

Residual ADH activity (%) = (Activity after heat treatment/Activity before heat 5 

treatment) × 100 6 

Determination of ADH concentration 7 

The concentration of ADH in the supernatant after heat treatment was measured by the 8 

Bradford method using a Coomasie® Plus Protein Assay Reagent Kit (Thermo Fisher 9 

Scientific Inc., Yokohama, Japan).  A calibration curve was prepared using ADH 10 

concentrations ranging from 0 to 2 mg/mL.  Coomasie® Plus Reagent (1.5 mL) was added 11 

to the heat-treated supernatant, followed by incubation for 10 min at room temperature.  12 

The absorbance at 595 nm of each sample was measured.  The recovery percentage of 13 

ADH was calculated by the following equation:  14 

Recovery of ADH (%) = [(ADH in feed – ADH in the supernatant)/(ADH in feed)] × 100 15 

Circular dichroism (CD) measurements 16 

ADH (0.3 mg) was dissolved to 0.7 μM in 3 mL of 50 mM Tris–HCl buffer (pH 8.0) in a 17 

quartz cell (optical length: 1 cm), and each polymer (PGD-G1, G2, or G3) (30 mg) was 18 

added at 1 wt%.  The samples were heated at 50°C in a water bath for 1 h, then CD spectra 19 

were measured every 10 min for 1 h using the following measurement conditions: 20 

wavelength: 250–195 nm, band width: 10 nm, response: 0.5 s, sensitivity: 200 mdeg, 21 

speed: 100 nm/min, and resolution: 0.2 nm.  The change in molar ellipticity ([θ]) at 222 22 

nm, which is an index of the -helix content of a protein, was calculated using the 23 

following equation: 24 
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Δ[θ] = ([θ] at elapsed time) – ([θ] at 0 min) 1 

DSC measurements 2 

DSC measurements of ADH dissolved in 10 mM PBS (pH 7.4) (final concentration: 0.7 3 

μM) in the presence of PGD-G1, G2, or G3 (final concentration: 1 wt.%) were conducted 4 

using a Nano DSC (TA Instruments Japan, Inc., Tokyo, Japan).  The prepared solutions 5 

were degassed for 15 min; then 0.3 mL of sample was pipetted into the platinum capillary 6 

cell.  Temperature was increased from 15°C to 100°C at a scan rate of 1°C/min.  The data 7 

were analyzed using Nano Analyze 2.2 software to determine the calorimetric enthalpy 8 

(∆Hcal), the calorimetric entropy (∆Scal), and the midpoint temperature of the unfolding 9 

process (Tm). 10 

Osmolarity measurements 11 

The osmolarities of the polymer samples (0.8–6.3 wt.% (0.0046–0.68 M) of PGD-G1, G2, 12 

G3, or glycerol in 50 mM Tris–HCl buffer (pH 8.0)) with 0.1 mM ADH were determined 13 

using a Wescor osmometer (VAPRO 5520: Wescor Inc., Logan, UT, USA) calibrated 14 

with standard solutions of NaCl.  A paper filter (sample discs SS-033 for use with the 15 

VAPRO 5520) was set in the sample chamber, then the filter was impregnated with 10 16 

μL of sample, and osmolarity was measured for 80 s.  Each measurement was repeated 17 

three times.  The osmolarities of the polymer solutions alone (0.8–6.3 wt.% (0.0046–0.68 18 

M) of PGD-G1, G2, G3, or glycerol in 50 mM Tris–HCl buffer (pH 8.0)) were measured 19 

in the same manner. 20 

T1 measurements 21 

Each solution (PGD-G1, G2, G3 or glycerol; concentrations as shown in Table 1) was 22 

dissolved in D2O/H2O (95:5) (0.7 mL) and then degassed.  T1 measurements were 23 
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conducted using a 300-Hz FT-NMR apparatus (JNM-LA300 FT NMR SYSTEM, JEOL 1 

Ltd., Tokyo, Japan) to determine the number of polymer hydroxyl groups interacting per 2 

water molecule (NOH) and the results are summarized in Table. 1.  T1 was measured at 3 

25°C using the inversion recovery sequence π − t − π/2 at 15 times t values. 4 

(insert Table .1) 5 

 6 

Results and Discussion  7 

PGDs were successfully synthesized as confirmed by the results of 1H-NMR and 8 

MALDI-TOF-MS data (see Experimental).  Cytotoxicities of the synthesized PGDs were 9 

assessed by colony formation assay that is known as a highly sensitive cytotoxicity 10 

test[38].  As shown in Fig. 2, PGDs did not inhibited colony formation of V79 cells, 11 

indicating negligible PGD cytotoxicities.  In the concentration range of 0.001–5 mg/mL, 12 

IC50 values could not be calculated, although the IC50 value of ZDBC (positive control) 13 

was found to be 1.7 μg/mL.  These results indicate that the synthesized PGDs are 14 

cytocompatible molecules.  15 

(insert Fig. 2) 16 

Enzymatic inactivation is usually accompanied by precipitation, and thus, the protective 17 

effects of PGDs on ADH stability during heat treatment were monitored based on 18 

turbidity changes.  An ADH concentration at 0.7 μM provided turbidity measurement of 19 

0% for over 60 min at 60°C, whereas at 10 μM, the turbidity increased gradually starting 20 

at 2.5 min (Fig. 3).  The addition of PGD-G1, G2, G3, or glycerol to 10 μM ADH solution 21 

modulated turbidity change: PGDs enhanced the aggregation of ADH in the order PGD-22 

G3 > G2 > G1, whereas glycerol suppressed ADH aggregation (Fig. 3 (a)-(d)).  These 23 

results suggest that molecular interactions between PGD and ADH induced aggregation.  24 

The absolute rate of aggregation was proportional to the generation of PGDs.  The molar 25 
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concentrations of PGD-G1, G2, and G3 were 0.14, 0.062, and 0.030 M, respectively, 1 

based on the concentration of hydroxyl groups in each PGD solution being 0.84, 0.74, 2 

and 0.72 M, respectively.  Therefore, in each solution of 5 wt.% PGD, the concentration 3 

of hydroxyl groups was similar, and thus, the observed generation-dependent aggregation 4 

phenomena are likely correlated with polarity differences among PGDs in aqueous 5 

conditions[29, 30].  The recovery percentages of ADH in the precipitates were calculated 6 

by determining ADH concentration in the supernatant after the heat treatment (see: 7 

Experimental part).  The ADH recovery % in each precipitation containing PGD-G1, G2, 8 

G3, and glycerol was calculated to be 96.7 ± 0.3, 87.6 ± 0.8, 93.6 ± 0.8, and 98.6 ± 0.3 %, 9 

respectively.  Therefore, almost all initial ADH was recovered by elevating temperature 10 

in the precipitates. 11 

(insert Fig. 3) 12 

 13 

 Residual ADH activity in the suspension following heat treatment at 60°C was 14 

determined by comparing with ADH activity before heat treatment (see: Experimental 15 

part).  Surprisingly, heat treatment of ADH with or without glycerol in the suspension 16 

decreased activities to 10%–15%, whereas the presence of PGDs provided activity in the 17 

range of 43%–67% (Fig. 4).  These results suggest that PGDs maintain the enzymatic 18 

activity of ADH even after aggregation.  ADH activities measured in the supernatants 19 

following centrifugation of the suspension were below 10% (Fig. 4), further supporting 20 

that the observed ADH activity was due to ADH in the aggregated state.  Consequently, 21 

over 60% of ADH activity was maintained following heating in the presence of only 5 22 

wt.% of PGDs.  Here, once again, the ADH activity was calculated by absorbance change 23 

attributed to the formation of NADH from NAD+ during the oxidation of ethanol.  The 24 

remaining ADH activity suggests that the NAD+-binding domain (residues 176-318) 25 
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and/or the catalytic domain (residues 1–175, 319–374), which consists of β-sheet and -1 

helix[40], are not damaged after mixing with ADH.  Therefore, from the view point of 2 

the secondary structure, the CD spectra were measured after the heat treatments. 3 

(insert Fig. 4) 4 

 5 

  The CD spectra of ADH in the presence or absence of PGD-G1, G2, or G3 at 60°C were 6 

measured to gain insights into the conformational change of ADH in the presence of 7 

PGDs.  The concentration of ADH was fixed at 0.7 μM because no precipitation occurred 8 

at this concentration at 60°C, as mentioned above.  The CD spectra were monitored for 9 

60 min (see Supporting information, Fig. SI-1), and the change in molar ellipticity at 222 10 

nm (Δ[θ]) was plotted against time (Fig. 5).  The Δ[θ] values increased with the 11 

generation of PGDs, indicating that mixing with PGDs decreased the -helix content of 12 

ADH.  PGD-G3, which is the least polar in this series[30], induced an extreme 13 

conformational change, whereas the Δ[θ] value of ADH in the absence of additive 14 

remained unchanged.  These results suggest that the -helix was unfolded, although the 15 

ADH activity was maintained after the heat treatment.  This is inconsistent with the 16 

hypothesis that preservation of the secondary structure maintains ADH activity.  17 

Therefore, we focused on the direct interaction between PGDs and ADH, analyzed by 18 

differential scanning calorimetry (DSC) measurements.   19 

(insert Fig. 5) 20 

 21 

To evaluate the intermolecular interaction at 60°C, DSC measurements were 22 

performed.  Table 2 summarizes the calculated calorimetric enthalpy (∆Hcal), which 23 

represents the total heat energy uptake by ADH undergoing the unfolding transition, the 24 

calorimetric entropy (∆Scal), and the mid-point temperature of the unfolding process (Tm).  25 
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The addition of PGD-G2 and G3 decreased ∆Hcal in the order of PGD-G3 > G2, whereas 1 

that of PGD-G1 increased ∆Hcal slightly.  The Tm values decreased in the presence of 2 

PGDs, particularly PGD-G2.  These results suggest that PGD-G2 and G3 induced the 3 

unfolding of ADH.  Because the condition of water is considered to determine the state 4 

of protein denaturation and stabilization[11], we focused on water conditions that can be 5 

estimated by nuclear magnetic relaxation studies[41, 42].   6 

(insert Table 2) 7 

 8 

Bound water plays an important role in protein folding, protein interactions, and 9 

protein adsorption phenomena.  In general, water is a strong competitor toward binding 10 

hydrophilic groups, and different hydrophilic surfaces of substances for protein 11 

interaction contain different amounts of bound water that must be replaced, removed, 12 

or/and rearranged when energy is supplied[43].  The water condition was evaluated by 13 

measuring the osmolarity of PGD-G1, G2, G3, or glycerol in 50 mM Tris–HCl buffer 14 

(pH 8.0)) in the presence and absence of ADH.  As shown in Fig. 6 (a), the osmolarity of 15 

the sample in the absence of ADH increased with increasing concentration of hydroxyl 16 

groups in PGDs or glycerol in the order of glycerol > PGD-G1 > PGD-G2 > PGD-G3, 17 

indicating that osmolarity is not dependent on the concentration of hydroxyl groups but 18 

rather on the molecular weight of the PGD (Mn of PGD-G1, G2, and G3 is 356, 801, and 19 

1,690, respectively).  Similar results were observed in the presence of 0.1 mM ADH (Fig. 20 

6 (b)).  All the PGD solutions became turbid over 1 M hydroxyl group, and thus, there 21 

were no data above 1 M (Fig. 6 (b)).  These results suggest that the concentration of free 22 

water molecules decreased with the generation of PGDs, even in the presence of ADH. 23 

(insert Fig. 6) 24 

 25 
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The properties of free and bound water in the presence of PGD were also evaluated by 1 

T1 measurements in a mixture of D2O/H2O (95:5)[44].  Figure 7 shows the T1 values as a 2 

function of the number of PGD hydroxyl groups per water molecule (NOH).  An increase 3 

in the generation of PGDs decreased the T1 values for the same NOH, indicating that the 4 

higher is the generation of PGDs, the tighter the water is bound to the PGDs.   5 

(insert Fig. 7) 6 

A model of fast exchange between a bound and unbound water fraction is often used to 7 

explain T1.  This model is based on the following equation (1)[44]:   8 

R1 = pfR1f + pbR1b  (1) 9 

where R1 is the observed mean relaxation rate defined by R1 =1/Tl, R1f and R1b are the 10 

intrinsic relaxation rates of the unbound and bound water compartments, and pf and pb are 11 

the ratio of the unbound and bound water, respectively.  In combination with pf + pb =1, 12 

eq (1) can be rewritten as the following equation (2):   13 

Rl = Nb(Rlb － Rlf)NO + Rlf                                 (2) 14 

where the constant Nb in eq (2) is equal to the number of bound water molecules per 15 

oxygen atom and NO is the number of oxygen atoms per water molecule.  Hence, R1 16 

should be a linear function of NO with slope [Nb (Rlb − Rlf)] if a single bound and unbound 17 

water fraction are present.  In fact, the relationship between NO and R1 shows a linear 18 

relationship (see supporting information; Fig. SI-2) in all samples.  Consequently, the 19 

slope values for glycerol, PGD-G1, G2, and G3 were calculated to be 0.026, 0.084, 0.157, 20 

and 1.553, respectively, indicating that the slope value markedly increased 18 times from 21 

PGD-G1 to G3.  This means that the number of bound water molecules is critically 22 

dependent on the generation of PGDs.   23 
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Considering the results of the CD spectra (Fig. 5) and the DSC measurements 1 

(Table 2), an increased bound water content is likely to be correlated with the 2 

conformational change in ADH.  In fact, PGD-G2 decreased the Tm of ADH (Table. 2) 3 

and showed the highest ADH activity (Fig. 4).  Eklund et al. reported that water molecules 4 

are present in the catalytic site, and the water molecules are displaced by hydroxyl oxygen 5 

of ethanol in coordination with the zinc cation[45].  Taking these results and the report 6 

into account, one possible reason why the ADH activity remained in the presence of PGD-7 

G2 and PGD-G3 is the enhanced water replacement and ethanol binding in the catalytic 8 

site, at which PGD molecules interact directly around the α-helix. 9 

 10 

Conclusion 11 

PGDs induced precipitation with ADH upon heating, but ADH activity was found 12 

maintained up to 67%.  The optimum amount of bound water was assessed in PGD-G2, 13 

which could mediate the intermolecular interaction with ADH while maintaining the 14 

activity.  This strategy is valuable for ADH recovery that can be applied in the fields of 15 

bioprocesses, biomedical, and pharmaceuticals. 16 
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Table 1. Concentrations of Samples used for T1 Measurements in D2O/H2O (95:5) and 1 

NOH Values Measured 2 

NOH Glycerol (M) PGD-G1 (M) PGD-G2 (M) PGD-G3 (M) 

0 0 0 0 0 

0.3 0.22 0.11 0.06 0.03 

0.6 0.54 0.25 0.12 0.06 

1.3 1.09 0.50 0.25 0.12 

3.5 2.50 1.04 0.50 0.24 

 3 

 4 

Table 2. Thermodynamic Parameters of ADH Determined by DSC Measurements 5 

Samplesa ΔHcal 

(kJ/mol) 

ΔScal 

(kJ/mol·K) 

Tm (°C) 

ADH 307.0 0.9 54.8 

ADH + PGD-G1 346.3 1.1 52.3 

ADH + PGD-G2 188.5 0.6 42.3 

ADH + PGD-G3 178.5 0.8 51.1 

a Final concentration of ADH was 0.7 μM, which was dissolved in 10 mM PBS (pH 6 

7.4).  PGD-G1, G2 and G3 were added to the ADH solution (final concentration: 1 7 

wt %).   8 

 9 

  10 
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Figure Captions 1 

Figure 1  Chemical structures of polyglycerol dendrimer (PGD) of (a) generation 1 (PGD-2 

G1), (b) generation 2 (PGD-G2), and (c) generation 3 (PGD-G3). 3 

Figure 2 Cytotoxicity of PGD-G2 and G3.  The cytotoxicity was evaluated by colony 4 

formation assay using V79 cells.  The number of colonies per well was 5 

measured with a multipurpose high-speed image analyser.   6 

Figure 3  Turbidity change due to ADH (10 μM) in 50 mM Tris-HCl buffer (pH 8.0) at 7 

60 °C in the presence of (a) PGD-G1, (b) G2, (c) G3, (d) glycerol (5 wt%), and 8 

(e) in the absence of any additive.   9 

Figure 4 Residual activity of ADH, calculated by comparing ADH activity before and 10 

after heat treatment, in the suspension (black bar) and the supernatant 11 

(diagonal-dashed bar) of samples heated at 60 ̊C for 2 h in the presence of 12 

glycerol (ADH + Gly), PGD-G1 (ADH + G1), PGD-G2 (ADH + G2) or PGD-13 

G3 (ADH + G3) (Mean ± S.D., n = 4).  ADH activity was measured by 14 

absorbance at 340 nm in 50 mM Tris-HCl buffer (pH 8.0) containing 1 µM 15 

ADH, 100 µM NAD+, 20 µM ZnCl2, and 0.5 wt% of each polymer.   Asterisks 16 

indicate significant differences between ADH and ADH with each PGD sample, 17 

determined by the student t-test (P<0.05). 18 

Figure 5  Δ[θ] calculated from CD spectra of ADH (0.7 μM) in 50 mM Tris-HCl buffer 19 

(pH 8.0) at 60 °C in the presence of 5 wt% PGD-G1 (square), G2 (triangle), 20 

G3 (circle), and without PGDs (diamond). 21 

Figure 6 Osmolarity of PGD-G1 (square), G2 (triangle), G3 (circle) and glycerol 22 

(diamond) dissolved in 50 mM Tris-HCl buffer (pH 8.0) (a) in the absence and 23 

(b) the presence of ADH (0.1 mM).   24 

Figure 7 The T1 values of PGD-G1 (square), G2 (triangle), G3 (circle) and glycerol 25 

(diamond) dissolved in a mixture of D2O/H2O (95:5). 26 

 27 
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Fig. 2 1 
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Fig. 3 1 
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Fig.4 1 
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Fig. 5 1 
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Fig. 6 1 
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Fig. 7 1 
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