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The  jam-packed  intracellular  environments  differ  the  activity  of a biological  macromolecule  from  that  in
laboratory  environments  (in vitro)  through  a number  of  mechanisms  called  molecular  crowding  related  to
structure,  function  and  dynamics  of  the  macromolecule.  Here,  we  have  explored  the  structure,  function
and  dynamics  of  a model  enzyme  protein  DNase  I  in molecular  crowing  of polyethylene  glycol  (PEG;
MW  3350).  We  have  used  steady  state  and picosecond  resolved  dynamics  of  a  well-known  intercalator
ethidium  bromide  (EB)  in a  20-mer  double-stranded  DNA  (dsDNA)  to monitor  the  DNA-cleavage  by the
enzyme  in  absence  and  presence  PEG.  We  have  also  labelled  the  enzyme  by  a  well-known  fluorescent
probe  8-anilino-1-naphthalenesulfonic  acid  ammonium  salt  (ANS)  to study  the  molecular  mechanism
of  the  protein-DNA  association  through  exited  state  relaxation  of  the probe  in  absence  (dictated  by
polarity)  and  presence  of  EB  in  the DNA  (dictated  by  Förster  resonance  energy  transfer  (FRET)).  The
overall  and  local  structures  of the  protein  in  presence  of  PEG  have been  followed  by  circular  dichroism
and  time  resolved  polarization  gated  spectroscopy  respectively.  The  enhanced  dynamical  flexibility  of

protein  in  presence  of PEG  as revealed  from  excited  state  lifetime  and  polarization  gated  anisotropy  of
ANS  has  been  correlated  with  the  stronger  DNA-binding  for the  higher  nuclease  activity.  We  have  also
used  conventional  experimental  strategy  of  agarose  gel  electrophoresis  to monitor  DNA-cleavage  and
found consistent  results  of enhanced  nuclease  activities  both  on  synthetic  20-mer  oligonucleotide  and

alf th
long  genomic  DNA from  c

. Introduction

Many in vivo enzymatic processes including repression or acti-
ation of transcription in gene regulatory network are triggered by
inding of proteins to their respective target sites on DNA. However
he study of enzyme-DNA interactions have been usually designed
s dilute solution experiments, which differ substantially from
n vivo conditions as 40% volume of cytosol is occupied by a wide
ariety of macromolecules and solutes [1–3]. Due to this reason, the
iffusion of any solutes in intracellular environment is get affected
ither being reduced or presenting anomalous diffusion at short
imes [4–8]. Contemporary studies have revealed that macromolec-

lar crowding inside the cell does not only affect diffusion processes
ut also biochemical reaction processes by inducing the enzyme to
ndergo protein folding, self-association, or protein-binding pro-
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cesses, which in turn may  alter the activity of the enzyme [9–12].
Thus, in order to obtain more accurate rates for enzymatic reactions,
it is important to perform the studies of biochemical processes
in nature-like microenvironments that try to mimic  the effect of
macromolecular crowding.

As the quantitative studies of enzyme-DNA interactions within
a living cell are challenging, subsequently to mimic  the intracel-
lular like environment the high concentration of crowding agents
are often used in the in vitro studies. For this purpose polyethylene
glycol and polysaccharides are often considered as a convenient
macromolecular crowder as it is highly soluble in water, it does not
precipitate the biological macromolecules used for the study and
also it does not bind with the biological macromolecules before
and after the reaction [13]. Polymer cosolutes (PEG) usually gener-
ate an area inaccessible to other biological macromolecules known

as excluded volume and these excluded volume per cosolutes
increases as size of cosolutes increases. Apart from this, inclusion
of cosolutes causes the decrease of water activity of solution and
hence generates an osmotic pressure [14,15]. The dependence of
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he equilibrium binding constant, (K), of the biomolecular reac-
ion on the water activity (aw) is related to the number of water

olecules released (�nw) during the reaction represented by the
quation, −�nw = ∂logK

∂logaw
. Based on this thermodynamic model, the

quilibrium constant of a reaction accompanied by the released of
ater molecules is found to be 10–100 times higher in solution
ith water activity less than one [13,16]. The excluded volume of

rotein in macromolecular crowding can be minimized either by
hanges in the hydrodynamic volume or via changes in its asso-
iation state [17,18], which are promoted by modulation of the
iological equilibria of protein that would affect protein folding,
onformational stability, protein-protein interactions and protein
ucleic acid interactions [18–20].

Zimmerman and Minton have shown in number of experi-
ental systems which support that crowding promotes molecular

ssociation and hence the enzymatic activity [21,22]. In one of
he contemporary literature they have shown that in presence
f several macromolecules the enzymatic activity of DNA ligases
rom both rat liver and Escherichia coli increases by several orders
23]. Naoki Sugimoto and co-workers have shown that molecu-
ar crowding increases the activity of endonucleases but not affect
xonucleases [24]. All these studies furnish amendment of catalytic
ctivity of the enzyme as a consequence of molecular crowding.
owever, the exact role of structure, function and dynamics of
nzyme triggering in alteration of enzymatic activity in molecu-
ar crowding condition are still poorly understood and a detailed
nderstanding in this field is highly demanding due to the highly
ompact packing in vivo condition.

Here we systemically study the role of molecular crowding
uch as polyethylene glycol (PEG) on the structure, functional-
ty, substrate binding and dynamic of endonuclease glycoprotein
nown as bovine pancreatic deoxyribonuclease I (DNase I). DNase

 is a secretory glycoprotein that hydrolysed the P-O3′-bond of
ouble-stranded DNA predominantly by single-stranded nicking
echanism under physiological condition in presence of Mg2+ and

a2+ [25]. Like many of the non-specific protein-DNA interaction,
rystal structure showed that the unspecific DNase I bind tightly
n the minor groove and to the sugar-phosphate backbone of both
trands of the DNA [25]. In the present study the enzymatic activ-
ty of DNase I on the hydrolysis of 20-mer double stranded DNA
s found to increase with increasing PEG concentrations through
ntact structural integrity as revealed from CD in the solution. To
orroborate the change in activity and binding of DNase I towards
NA as a function of the concentration of PEG, time resolved
uorescence spectroscopy study was followed. While picosecond
esolved transients of EB intercalated to DNA upon interaction with
Nase I revealed the extent of DNA cleavage by enzyme in pres-
nce and absence of PEG, Förster resonance energy transfer (FRET)
tudies from 8-anilino-1-naphthalenesulfonic acid ammonium salt
ANS) attached with DNase I to EB intercalated to DNA confirm

ore efficient binding between DNase I and DNA in presence of
EG. Further, the change in protein dynamics, responsible for the
ssociation of DNase I and DNA has been monitored by rotational
ynamics as well as picosecond resolved transients of ANS attached
o DNase I. We  have also confirmed the enhanced activity of DNase

 in presence of molecular crowding through conventional way  of
garose gel electrophoresis in order to evaluate the hydrolysis of
oth large (calf thymus) DNA as well as for 20-mer dsDNA.

. Experimental section

.1. Chemicals
Bovine pancreatic deoxyribonuclease I (DNase I), 8-anilino-
-naphthalenesulfonic acid ammonium salt (ANS), polyethylene
lycol 3350 (PEG), calf thymus DNA and ethidium bromide (EB)
al Macromolecules 103 (2017) 395–402

were from Sigma-Aldrich (Saint Louis, USA). Tris–HCl, magne-
sium chloride, agarose, boric acid and EDTA were from SRL
(Mumbai, INDIA). Glycerol and calcium chloride were from
Merck (Mumbai, INDIA). The chemicals and the proteins are
of the highest commercially available purity and were used
as received. HPLC-grade oligonucleotide substrates of 20-mer
sequences, 5′-GCGTGTAAACGATTCCACGC-3′ and its complement
were purchased from Trilink Technologies (San Diego, CA). A 20-
mer  double-stranded DNA (dsDNA) was  prepared by annealing
(incubation at 90 ◦C for 5 min, followed by cooling at 1 ◦C/min to
the reaction temperature) of 5′-GCGTGTAAACGATTCCACGC-3′ and
its complement.

2.2. Assay of DNA hydrolysis by nucleases

DNase I was  assayed in a buffer of 2.5 mM MgCl2, 0.5 mM CaCl2
and 10 mM Tris–HCl (pH 7.5) at 25 ◦C. The reactions were performed
with 0.5 �M of DNase I and 10 �M dsDNA (20-mer) as a substrate.
For quantitative analysis of the hydrolysis reaction of DNase I, the
dsDNA was staining with ethidium bromide (EB/DNA = 1:1). DNA
hydrolysis was  evaluated according to the amount of residual sub-
strate (%). The amount of the residual substrate was  estimated as
follows:

R(%) = STX100
S0

where, R is residual substrate, ST is fluorescence intensity of sub-
strate after time T and S0 is fluorescence intensity of substrate at
zero time [24].

For kinetics studies, the dsDNA concentration was  varied from
1 to 10 �M for DNase I. The initial rates (v) were estimated from
the data for the first 30% of the reaction, where residual substrate
varies linearly with time. The values of 1/v were plotted against
respective 1/[DNA] to obtain the kinetic parameters (Km and Vmax)
from Michaelis–Menten equation, 1

v = Km
Vmax

1
[S] + 1

Vmax
, where [S]

indicates substrate concentration. The equations were fitted using
Origin 8.5 software [26].

2.3. Experimental details

The steady state absorption and emission spectra were mea-
sured with Shimadzu UV-2600 spectrophotometer and Jobin Yvon
Fluoromax-3 fluorimeter, respectively. Kinetic measurements were
done by time based scan in a Jobin Yvon Fluoromax-3 fluorimeter
with a Peltier thermostat maintained at 25 ◦C, where excitation and
emission monochromator were set at 512 nm and 595 nm,  respec-
tively. CD spectra of native DNase I and DNase I-DNA complexes
in presence and absence of PEG were recorded at pH 7.5 using a
JASCO-810 spectrometer. The spectra were collected in the far- UV
region (200–350 nm)  by a quartz cell with a path length of 1 mm.
The sample temperature was  maintained at 25 ◦C using a Peltier
thermostat. The electrophoretic mobility of calf thymus DNA  and
20-mer dsDNA complexes upon hydrolysis by DNase I in 2.5 mM
MgCl2, 0.5 mM CaCl2 and 10 mM Tris–HCl buffer solution (pH 7.5)
was determined by gel electrophoresis using 1.5% agarose gels.
Experiments were run at 100 V for 15 min  in case of calf thymus
DNA and 5 min  for 20-mer DNA. Since the calf thymus DNA and 20-
mer  dsDNA were labelled with ethidium bromide, a photograph of
the gel was taken under ultraviolet illumination of gel documen-
tation and image analysis system Syngene, UK Model:INGENIUS 3
without staining the gel with ethidium bromide.

All the picosecond resolved fluorescence transients were

measured by using commercially available time-correlated single-
photon counting (TCSPC) setup with MCP-PMT from Edinburgh
instrument, U.K. (instrument response function (IRF) of ∼75 ps)
using a 375 nm and 409 nm excitation laser source while the flu-
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Fig. 1. a) Amount of residual DNA upon hydrolysis by DNase I in the presence of 0,
5,  10 and 15 wt%  of PEG. b) A representative Lineweavere-Burk plot for the catalytic
P. Singh et al. / International Journal of B

rescence transients of EB and ANS in different systems were
easured in 50 ns and 20 ns time window respectively. Further in

rder to maintain equilibrium during the life time measurement,
ll the time resolved fluorescence transient of EB-DNA in absence
nd presence of PEG were taken just after 10 min  from the time
hen it was mixed with DNase I so that the rate of enzymatic reac-

ion could reach toward the saturation. The sample temperature
as maintained by a controller from Julabo (Modal 532). Details

f the time resolved fluorescence setup have been depicted in our
revious reports [27–29]. To estimate the FRET efficiency of energy
onor (D) to the different acceptors (A) and hence to determine the
istance of the FRET pair (D-A), we have followed the methodology
escribed elsewhere [30–32]. In brief, D-A distance, r, can be calcu-

ated from the equation, r6 = R6
0(1−E)

E , where E is the energy transfer
fficiency between donor and acceptor, and R0 is Förster distance.

 was calculated using the equation, E = 1 − �DA
�D

, Where �DA and �D

re fluorescence lifetimes of the donor in presence and absence of
cceptor. For the fluorescence anisotropy measurements, the emis-
ion polarizer was adjusted to be parallel and perpendicular to that
f the excitation and collected the fluorescence transients Ipara and

per, respectively. The anisotropy is defined as, r (t) = Ipara−G∗Iper
Ipara+2∗G∗Iper

.
he magnitude of G, the grating factor of emission monochroma-
or of the TCSPC system, could be found using a long tail matching
echnique [28,33].

. Results and discussion

The kinetics of hydrolysis of the substrate dsDNA-EB by DNase
 has been measured by steady state fluorescence technique and is
ound that the rate of exclusion of the EB from DNA upon hydrolysis
y DNase I increases gradually as the concentration of PEG increases

n the solution. Fig. 1(a) shows that in absence of PEG the amount
f residual dsDNA after 300 s is estimated to be 67%; however it
educed to 57%, 49% and 48% in presence of 5, 10 and 15 wt%  PEG
34–36]. To calculate the rate constant and the maximum velocity,
e have measured the kinetics at different substrate concentra-

ions. Fig. 1(b) depicts the corresponding Lineweavere-Burk plot
or different PEG concentration, where the reciprocal of the reaction
elocity (v) is plotted as a function of the reciprocal of the concen-
ration of DNA [29]. The curves produce good linear fits for all the
ystems and from the slope and intercept of the curves, we have cal-
ulated the Michaelise-Menten constant (Km) and the maximum
elocity (Vmax) for all the systems. The calculated Km and Vmax

alues for the three different PEG concentrations are presented in
ig. 1(c) which clearly indicates that with the increase in PEG con-
entration, Vmax increases however, Km for the enzymatic activities
f DNase I for substrate DNA decreases. These kinetic parameters
eveal that molecular crowding influences the hydrolytic activity
f the DNase I by affecting catalytic activity as well as its binding
ffinity toward the substrate DNA, indicated by both increase of
max and decrease of Km [34,37].

In order to reveal whether the changes in catalytic activity
nduced by PEG are accompanied by alterations in the sec-
ndary structures of DNase I, CD spectroscopy were performed.
s observed from Fig. 2(a) the aqueous DNase I solution displays
D features with minimum value at 208 and 215 nm (far UV-
D), corroborating the native secondary structures of the enzyme
38] which is observed to be insignificantly perturbed in presence
f PEG, indicating that the secondary structure of the enzyme is
reserved up to 15 wt%  PEG concentration. Inset of Fig. 2(a) sym-
olize the percentage of � strand and � sheet in free DNase I in

bsence and presence of 15 wt% PEG which remain almost same
n both the cases. To gain insight about the DNA structure per-
urbation by DNase I, we have next focused on conformational
hanges of 20-mer DNA, which exhibits two characteristics peaks
activity of DNase I on the substrate DNA in presence of 0, 5, 10 and 15 wt% PEG. c)
Km for the catalytic activity of DNase I on the substrate DNA as a function of PEG
concentrations. The plot of Vmax against PEG concentration is shown in the inset.

(inset of Fig. 2(b)); one positive band around 280 nm complemented
to �-� base stacking, and one negative band around 245 nm for
hellicity [39]. Upon addition of DNase I the band at 280 nm was
insignificantly perturbed however, the band at 245 nm became less
negative, this in turn attributed to partial B-to-A DNA transition
upon protein interaction [40]. In order to explore the cleavage of
DNA in presence and absence of PEG, DNA was intercalated with
EB which generated induced CD signal near 303 nm along with and
increasing helicity peak of DNA [41] as shown in Fig. 2(b). In pres-
ence of PEG, an insignificant decrease in the induced CD spectra at
303 nm was observed may  be due to osmotic stress of PEG, while the
nature of the spectra remained nearly unchanged, demonstrating

that DNA remained in B conformation upon addition of PEG. When
DNase I is added to the DNA-EB system, decrease in 303 nm spectra
is observed however, a commendable variation has been observed
when DNase I is added to DNA-EB system containing 15 wt% of
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Fig. 2. a) The far UV-CD (circular dichroism) spectra of DNase I at 0 and 15 wt% PEG.
Contribution of alpha strand and beta sheet at various wt% PEG is shown in inset.
b) Induced CD (circular dichroism) spectra of EB intercalated to DNA in 1) buffer, 2)
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Fig. 3. Picosecond-resolved transient of free EB, EB in DNA and in DNA-DNase I com-
plex in presence of a) 0 wt% PEG and b) 15 wt% PEG. Insets depict the corresponding
steady state emission of free EB, EB in DNA and in DNA-DNase I complex.

Table 1
Fluorescence lifetimes of EB in different systems.

system �1 ns [%] �2 ns [%] �3 ns [%] �avg ns

DNA 0.21 (27) 2.21 (19) 21.0 (54) 11.9
DNA-DNase I 0.50 (36) 2.57 (35) 21.0 (29) 7.2
DNA-PEG 0.26 (30) 2.70 (23) 20.40 (47) 10.4
DNA-DNase I-PEG 0.51 (42) 3.24 (40) 20.30 (18) 5.2

Picosecond-resolved transients of ANS in buffer, DNase I-bound
5  wt%  PEG, 3) complexed with DNase I in buffer and 4) complexed with DNase I in
5  wt%  PEG. CD spectra of 1) DNA and 2) DNA-DNase I complex are shown in inset.

EG, infers that cleavage has enhanced in presence of PEG. In this
ight of understanding, altered enzymatic activity offers a unique
pportunity for correlating the function with the dynamics. For this
eason fluorescence spectroscopic techniques can prove useful to
nderstand bio-macromolecular dynamics over a broad time scale.

The enhanced hydrolysis (Vmax) of DNA by DNase I in pres-
nce of PEG is established by monitoring the picosecond resolved
ransients of EB intercalated to DNA. The significant decrease in
mission intensity and red shift of EB emission maxima in the
NA-DNase I complex compared to EB-DNA in buffer indicates the

owering of the contribution of EB binding to the DNA upon cleav-
ge with DNase I (inset of Fig. 3(a)). Fig. 3(a) shows picosecond
esolved transients of EB in buffer and in EB-DNA complexes in
bsence and presence of DNase I. The tri-exponential fitting of the
uorescence decay of EB in DNA revealing ∼21 ns as major compo-
ent (54%) indicates that most of the EB is intercalated to the DNA
42]. However, upon hydrolysis of EB-DNA complexes by DNase I
he contribution of longer decay component ∼21 ns (29%) decreases
onsiderably, reflecting significant cleavage of DNA by DNase I in
uffer solution as shown in Table 1. In order to investigate the effect
f PEG in hydrolysis of DNA, picosecond resolved transients of all
he system are studied in presence of 15 wt% PEG, shown in Fig. 3(b).
t is observed that the maximum population of the dye intercalated
o the DNA in presence of PEG is slightly decreased (∼21 ns (47%))
n contrast to that in DNA in buffer solution (∼21 ns (54%)) which

ccurred may  be due to osmotic stress created by PEG. The tran-
ient of EB in DNA upon hydrolysis by DNase I in presence of PEG
hows that the contribution of a longer time component ∼21 ns
Buffer 0.47 (20) 1.68 (80) – 1.4
PEG 0.93 (51) 3.46 (49) – 2.1

(18%) is extensively get lower than that of DNA in buffer solution
(21 ns (29%)), corroborates the higher cleavage in presence of PEG.
Inset of Fig. 3(b) shows the corresponding steady state emission of
EB in DNA and DNA-DNase I complex in presence of PEG. It should
be noted that decrease in emission intensity and more red shift of
EB emission maxima in the DNA-DNase I complex in presence of
PEG compared to EB in DNA-DNase I complex in buffer revealing
the further reduction of the contribution of EB binding to the DNA
upon hydrolysis in presence of PEG.

The binding affinity and dynamics of DNase I with DNA
are monitored by using a biologically relevant probe 8-anilino-
1-naphthalenesulfonic acid ammonium salt (ANS) which binds
selectively to the enzymes in their hydrophobic sites [43]. The exci-
tation spectrum of ANS in buffer shows a peak at 356 nm, which
remains same when formed complexed with DNase I, however,
the emission spectrum of the ANS-DNase I complex shows a blue
shift (60 nm)  compared to that in buffer as shown in Fig. 4(a),
indicate interaction of ANS to the hydrophobic sites of protein.
ANS and its complex with DNA are shown in Fig. 4(b). ANS in
complexed with DNase I show essentially fluorescence decays of
average time constants 8.12 ns which is much slower than ANS in
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Fig. 4. a) Steady state excitation and emission spectra of ANS in buffer and in com-
plex with DNase I. Time-resolved transients of free ANS, ANS bound to DNase I in the
presence and absence of DNA are shown in presence of b) 0 wt% PEG and c) 15 wt%
PEG.

Table 2
Fluorescence lifetimes of ANS in different systems.

system �1 ns [%] �2 ns [%] �3 ns [%] �avg ns

DNase I 0.15 (32) 1.52 (13.4) 14.42 (54.6) 8.12
DNaseI-DNA 0.14 (33.8) 1.32 (16.1) 13.90 (50.1) 7.22
DNase I-DNA-EB 0.11 (39.3) 1.15 (27.3) 11.74 (33.4) 4.28
DNase I-PEG 0.14 (32.6) 1.07 (27.2) 13.22 (40.2) 5.66
DNase I-PEG-DNA 0.14 (35.4) 1.16 (24.4) 12.59 (40.2) 5.39
DNase I-PEG-DNA-EB 0.13 (34.7) 0.83 (46.9) 10.85 (18.4) 2.43

b
t
t
c
o
p
p

Fig. 5. Picosecond-resolved transients of the donor (ANS-DNase I-DNA complex)
in  the absence and presence of the acceptor (EB) in DNA in a) 0 wt% PEG and b)
Buffer 0.23 (100) – – 0.23
PEG 0.37 (48) 0.86 (52) – 0.63

uffer (0.23 ns). The longer life time of ANS-DNase I is observed
o be similar to that of the ANS-DNase I-DNA complex, revealing
he fact that ANS molecules are not detached from DNase I upon

omplexation (Table 2). Further, in order to understand the effect
f confinement on the fate of ANS bound DNase I, similarly the
icosecond transients of ANS in all the systems were performed in
resence of PEG. The average fluorescence decays time constants
15  wt% PEG. Insets depict the corresponding spectral overlap between donor (ANS-
DNase I-DNA complex) emission and acceptor (ANS-DNase I with EB-bound DNA)
absorbance.

of ANS in complexed with DNase I was  found to be 5.66 ns, whereas
an insignificant change in life time of ANS-DNase I-DNA in presence
of PEG was observed shown in Fig. 4(c).

The intactness of ANS in DNase I upon complex with DNA has
enabled us to carry out Förster resonance energy transfer (FRET)
studies from the donor, ANS in DNase I, to another dye (accep-
tor), ethidium bromide (EB), intercalated in the DNA, which also
corroborates the binding between enzyme and DNA. The signif-
icantly large spectral overlap (2.58 × 1014 M−1 cm−1 nm4) of the
donor (ANS) emission and acceptor (EB) absorption spectra favours
energy transfer from the donor to the acceptor as shown in inset
of Fig. 5(a). The picosecond resolved transient (Fig. 5(a)) of the ANS
in DNase I-DNA complex reveals an average decay time constant of
7.22 ns and 4.28 ns in the absence and presence of the acceptor (EB),
respectively. The efficiency of energy transfer and donor–acceptor
distance was calculated to be 40% and 28.7 Å, respectively. To gain
insight into the effect of PEG in the binding between DNase I and
DNA, we have executed the similar FRET study in presence of PEG.
The absorption spectrum of EB bound to DNA has almost same
spectral overlap with the emission spectrum of ANS in DNase I in
presence of PEG (inset of Fig. 5(b)). The fluorescence transient of
ANS in DNase I in 15%wt PEG is quenched in presence of EB inter-
acted to DNA as shown in Fig. 5(b) and Table 2 and the efficiency of
energy transfer and ANS- EB distances in presence of PEG is found
to be 54%, and 22.9 Å, respectively. The higher efficiency of energy
transfer leading to shorter FRET distance in presence of PEG cor-
roborates higher binding between DNase I and DNA compared to

that in absence of PEG, which is also consistent with our kinetics
studies.

In order to gain insight in the basis for higher binding between
DNase I-DNA in presence of PEG, we  compare the average life-



400 P. Singh et al. / International Journal of Biological Macromolecules 103 (2017) 395–402

Fig. 6. Time-resolved fluorescence anisotropy of ANS bound to DNase I in presence of a). 0 w
of  free ANS. Time-resolved anisotropy of ANS bound to DNase I in the presence of DNA in

S
t

t
f
i
t
(
i
h
a
w
e
m
i
(
t

of PEG. It is worth mentioning that the result obtain from rota-
cheme 1. Schematic representation of the correlation between dynamics and func-
ion of DNase I in presence of PEG as molecular crowding.

ime of ANS bound to DNase I in presence and absence of PEG and
ound that the contribution of average time constant character-
stic of ANS-DNase I adduct, decreases from 8.12 ns in the buffer
o 5.66 ns in presence of 15 wt% PEG (as shown in Fig. 4(a) and
b)). The observation is consistent with the fact that faster dynam-
cs at the higher concentration of PEG suggests thinning of the
ydration water shell around the enzyme due to decreased water
ctivity and hence leads to higher binding between DNase I-DNA,
hich accelerates the hydrolysis of DNA (Scheme 1) [15]. Bagchi

t al. earlier proposed the presence of at least two  types of water
olecules at the protein surface and these water molecules remain
n a dynamic equilibrium with the bulk or free type water molecules
Water surfacebound ↔ Water bulk) [44–46]. This equilibrium between
he bound and bulk water is sensitive to the change in the microen-
t%  PEG and c) 15 wt% PEG. Inset shows the corresponding time-resolved anisotropy
 b) 0 wt% PEG and d) 15 wt% PEG.

vironment of the protein, e.g. temperature, pressure, additives etc.
Hence, addition of PEG produces an osmotic stress in the hydration
layer, which in turn shifts the equilibrium towards a less hydrated
conformation and also increases the contribution of faster moving
bulk water molecules around the enzyme’s surface. This explains
the observed decrease in the average time constant of ANS bound
to DNase I with increased in PEG concentration.

The hydration shell formed by water molecules in the close
vicinity of a protein molecule is crucial for protein structure and
folding and defines the substrate binding, and molecular recogni-
tion [47]. Changes in the protein hydration are known to be related
to changes in protein catalytic activity and also have a profound
effect on protein conformational stability and dynamics [47–51].
As in our studies the changes in catalytic activity induced by PEG
are not accompanied by change in conformation hence, in order to
confirm the modification of the enzyme’s dynamics with the addi-
tion of PEG, we measured the temporal anisotropy decay, r(t), of
the probe ANS bound to DNase I in buffer and in presence of 15 wt%
PEG concentrations. ANS in buffer exhibits a fast single exponential
rotational decay [52] (inset of Fig. 6(a)), on the other hand the rota-
tional relaxation of ANS bound to DNase I and upon complexation
with DNA has been found to be bi-exponential with comparable
time constant, attributing that dynamics of DNase 1 was insignif-
icantly perturbed when it form complex with DNA (Fig. 6(a) and
(b)). Further, with the addition of PEG to ANS-DNase I complex,
the components of local and global tumbling motion of probe get
faster indicating a greater contribution from the bulk type of water
molecules in the proximity of the probe. However, ANS is still bound
to the enzyme is evident from the presence of a slow component
which was  not found in 15 wt%  PEG solution without the enzyme
as shown in inset of Fig. 6(c) and Table 3. Similarly when ANS-
DNase I formed complex with DNA in presence of PEG the rotational
relaxation time constant of ANS was  found to be insignificantly per-
turb in comparison to the rotational relaxation time constant of
probe in ANS-DNase I complex (Fig. 6(d)). This observation clearly
indicates that, flexibility of ANS attached to hydrophobic core of
DNase I is much higher in presence of PEG compared to in absence
tional dynamic of enzymes is also corroborated by time resolved
measurement.
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Table  3
Rotational time constants of ANS at the enzyme (DNase I) surface at various systems.

system �1 ns [%] �2 ns [%] �avg ns

ANS-DNase I 1.32 (11.3) 45 (88.7) 39.6
ANS-DNase I-DNA 0.9 (14.7) 45 (85.3) 38.4
ANS-DNase I-PEG 0.20 (66.4) 40 (33.6) 13.5
ANS-DNase I-DNA-PEG 0.13 (70.8) 40 (29.2) 11.7
Buffer 0.07 (100) – 0.07
PEG 0.19 (100) – 0.19

Fig. 7. a) Hydrolysis of calf thymus DNA by DNase I at 25 ◦C. Lane M shows the DNA
size marker. Lanes 1, 3 and 5 show DNA in presence of 0, 5 and 15 wt% PEG. Lanes
2,  4 and 6 shows hydrolysis by DNase I in the presence of 0, 5 and 15 wt% PEG. b)
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ydrolysis of a short oligonucleotide DNA (20-mer dsDNA) by DNase I at 25 C. Lanes
,  3 and 5 shows DNA in presence of 0, 5 and 15 wt% PEG. Lanes 2, 4 and 6 shows
ydrolysis by DNase I in presence of 0, 5 and 15 wt%  PEG.

The effect of molecular crowding on the catalytic activity of
Nase I was also analysed using agarose gel electrophoresis. Ini-

ially we examined the hydrolysis of larger genomic DNA (calf
hymus) by DNase I at 25 ◦C in absence and presence of different
EG concentration. Before hydrolysis by DNase I the migration of
ubstrate DNA in absence and presence of 5 and 15 wt% PEG were
ound to be same (Fig. 7(a)), validate PEG does not significantly
ffect the stability of DNA (lane 1, 3 and 5). Migration of bands were
ound to be faster (lane 2, 4 and 6) upon hydrolysis with DNase I

ith respect to substrate corroborate the formation of degraded
roduct from the substrate. The diffused band of degraded product

n absence of PEG were found to be smeared and of higher inten-
ity, however, the smearing and intensity of bands were found to
e decreased as the PEG wt% was increased corroborate the for-
ation of higher degraded product from the substrate in presence

f molecular crowding. To evaluate the effect of molecular crowd-
ng on hydrolysis of short DNA using agarose gel electrophoresis,
0-mer dsDNA was used as a substrate shown in Fig. 7(b). Like
enomic DNA, the migration of 20-mer dsDNA was also found to
e same in absence and presence of 5 and 15 wt% PEG (lane 1, 3 and
). Upon hydrolysis by DNase I the intensity of substrate DNA was
ecreased as concentration of molecular crowding was  increasing
lane 2, 4 and 6). The result shows that dsDNA hydrolysis by DNase

 was greatly enhanced by the addition of 5 and 15 wt%  PEG. Over-

ll, molecular crowding increases the cleavage yield of DNase I not
nly for the large DNA (calf thymus) but also for the short (20-mer)
NA oligonucleotide.

[

[

al Macromolecules 103 (2017) 395–402 401

4. Conclusions

Our results reveal that the enzymatic activity of DNase I has
been increased in presence of a molecular crowding agent, PEG
3350. While, steady state and ultrafast time resolved spectroscopy
on a florescence probe EB intercalated to substrate DNA reveal the
hydrolysis of the substrate by DNase I, the spectroscopic infor-
mation including picosecond resolved fluorescence polarization
gated studies on the enzyme-bound fluorescence probe ANS shows
enhanced surface flexibility of DNase I in the presence of PEG. The
reduced water activity at the enzyme surface due to osmotic stress
of the molecular crowding agent enhancing the dynamical flex-
ibility of the enzyme is concluded to increase the DNA binding
eventually accelerate the hydrolysis reaction of DNase I. In sum-
mary the study attempts to unravel the molecular picture of DNA
hydrolysis by an endonuclease in presence of an osmotic stress
generating molecular crowding agent. A clear correlation of the
flexibility of the endonuclease with the rate of DNA hydrolysis
within the overall structural integrity of the enzyme has also been
established.
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