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ABSTRACT: The importance of solution composition on enzymatic reactions is
increasingly appreciated, particularly with respect to macromolecular cosolutes. Macro-
molecular crowding and its effect on enzymatic reactions has been studied for several
enzymes and is often understood in terms of changes to enzyme conformation.
Comparatively little attention has been paid to the chemical properties of small-molecule
substrates for enzyme reactions in crowded solution. In this article, we studied the reaction
of horseradish peroxidase (HRP) with two small-molecule substrates that differ in their
hydrophobicity. Crowding agents and cosolutes had quite different effects on HRP activity
when the substrate used was 3,3′,5,5′-tetramethylbenzidine (TMB, which is hydrophobic)
as compared to o-phenylenediamine (OPD, which is more hydrophilic). Reaction rates
with TMB were much more sensitive to the presence of crowding agents and cosolutes
than OPD, suggesting that the small-molecule substrates may themselves be interacting
with crowders and cosolutes. At high polyethylene glycol (PEG) concentrations (25−30
wt/wt %), no reaction was observed for TMB. Even at lower concentrations, Michaelis
constants (KM) for HRP with the more hydrophobic substrate increased in the presence of crowding agents and cosolutes,
particularly with PEG. Diffusion of TMB and OPD in the PEG and dextran reaction media was evaluated using pulsed field
gradient nuclear magnetic resonance (PFG-NMR). The diffusivity of the TMB decreased 3.9× in 10% PEG 8k compared to that
in buffer and decreased only 1.7× for OPD. Together, these data suggest that weak attractive interactions between small-
molecule substrates and crowders or cosolutes can reduce substrate chemical activity and consequently decrease enzyme activity
and that these effects vary with the identity of the molecules involved. Because many enzymes can act on multiple substrates, it is
important to consider substrate chemistry in understanding enzymatic reactions in complex media such as biological fluids.

■ INTRODUCTION
The cytoplasm of biological cells is composed of approximately
30% by volume biomacromolecules such as proteins, nucleic
acids, and polysaccharides.1,2 This environment differs from the
idealized dilute buffer solutions in which enzymes are often
studied.2−6 The effects of macromolecular crowding on
enzymatic reactions are becoming increasingly realized with
reports of enhanced rates of reaction,2,7−12 some with loss of
activity,12−15 or little to no changes.16 Substrate-dependent
effects of crowding agents and cosolutes on enzyme activity are
generally not considered. The possibility of substrate-depend-
ent differences in the effects of crowding on enzyme activity
warrants investigation because many enzymes act on multiple
substrates in vivo,17 and for ease of analysis, many enzymes are
routinely assayed using non-native substrates.18,19 In this article,
the activity of horseradish peroxidase (HRP) with respect to
two different commonly used substrates is investigated in the
presence of background macromolecular crowding agents and
cosolutes.
The volume exclusion aspect of macromolecular crowding

has been widely studied for many proteins and nucleic acids.2

For associative interactions of proteins and nucleic acids, the
effects of excluded volume alone will favor more compact

structures.2,20 Changes in enzyme activity in the presence of
crowding agents are often ascribed to changes in enzyme
conformation.21 For example, Pozdnyakova and Wittung-
Stafshede report that for the enzyme multicopper oxidase, a
weaker binding of the substrate was observed and may be
explained by the active site adopting a more rigid conformation,
restricting substrate binding.14 At higher concentration of
crowding agent, a decrease in the Michaelis constant, KM, was
observed, possibly due to an increase in the effective
concentration of the enzyme and substrate. In another example,
a conformational change in the enzyme isochorismate synthase
(EntC) was observed in Ficoll solution, which resulted in a
decrease in the KM of the substrate.22 There are other factors
that may affect the kinetics of an enzyme in crowded solution,
such as reduced and/or anomalous diffusion23,24 and the
activity of water.25,26 Therefore, it is difficult to predict a priori
for a particular enzymatic reaction of interest the kinetic effects
of macromolecular crowding.
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The chemical effects of macromolecular crowding have only
begun to be realized in the past decade. Chemical interactions
between a solute and the other species in solution can be
repulsive, resulting in increased chemical activity for the solute
or attractive, which decreases its chemical activity. For
macromolecules such as proteins or DNA, repulsive inter-
actions with background molecules will enhance the effects of
volume exclusion. Attractive interactions, however, often lead
to a more destabilized structure and can promote unfold-
ing;27,28 the protein chymotrypsin inhibitor 2 was recently
shown to be destabilized in reconstituted E. coli cytosol despite
the excluded volume (≥100g/L macromolecules).29 Typically,
chemical effects of macromolecular crowding are only
investigated with respect to the effect on other macromolecules,
but small-molecule substrates could potentially experience
attractive or repulsive interactions with the background
macromolecules.30 The phenomenon known as substrate
channeling occurs when an intermediate is transferred from
one enzyme active site to another without diffusing in the bulk
solvent.31 While some examples of this are more due to steric
constraints like tryptophan synthase (where the hydrophobic
substrate indole is transferred by means of a hydrophobic
tunnel),32 others like dihydrofolate reductase-thymidylate
synthase transfer the negatively charged substrate dihydrofolate
by means of electrostatic interaction with positively charged
residues in the enzymes.33 Record and co-workers separated the
chemical effects from the volume exclusion effects of PEG on
DNA structure. They showed that attractive interactions
between DNA and small molecular weight PEGs led to
destabilization of DNA hairpin and duplex formation.34 Often,
researchers will use a particular small-molecule substrate so that
the effects of macromolecular crowding (more specifically,
excluded volume) on the substrate can be ignored because it
does not occupy much volume compared to the macro-
molecules;13,15 however, this neglects any chemical interactions
that may be present between the substrates and crowders.
In addition to crowded solutions of large macromolecular

solutes, small-molecule cosolutes/osmolytes can alter enzyme
kinetics. In general, compatible osmolytes have a stabilizing
effect on protein structure because of their exclusion from the
protein−water interface, which promotes a more compact,
folded structure;35−37 osmolytes may enhance or decrease
enzyme activity.38 For example, hexokinase activity was
decreased in the presence of glycerol, was increased in the
presence of betaine and urea solution, and was not significantly
affected in trimethylamine N-oxide (TMAO).38 Although the
osmolytes with the exception of urea are expected to be
excluded from the enzyme surface, the authors suggest that
some type of interaction with the hexokinase caused the activity
to change. Recent work by Howell and co-workers indicates the
possibility of osmolytes interacting with small-molecule
substrates through weak binding interactions. They report
preferential interactions of folate (a model compound for
dihydrofolate reductase, substrate dihydrofolate) with osmo-
lytes betaine and dimethyl sulfoxide (DMSO).39 Like macro-
molecular crowders, the effects of cosolute interactions also
cannot easily be predicted.
We report the significant effects of various macromolecular

crowding agents (polyethylene glycol (PEG) 8k, dextran 10k)
and cosolutes (PEG 400 and glucose) on the reaction of HRP.
We analyzed the effect of the different crowding agents and
cosolutes on the KM and the maximal velocity (Vmax) of two
substrates, o-phenylenediamine (OPD) and 3,3′,5,5′-tetrame-

thylbenzidine (TMB). These substrates were chosen due to
their different hydrophobic properties. We reasoned that due to
the relative hydrophilic/hydrophobic nature of the background
molecules, we would observe various effects on enzymatic
activity due to interactions between the background macro-
molecules and the substrates. We found that the effect on the
kinetics was modest for the OPD substrate but substantial for
the TMB reaction, especially with respect to the relatively more
hydrophobic crowder, PEG 8k. We also measured the diffusion
coefficients of the OPD and TMB in buffer, 10% PEG 8k and
10% dextran 10k solutions using pulsed field gradient nuclear
magnetic resonance (PFG-NMR). The presence of PEG
decreased the diffusion coefficient for TMB disproportionately
as compared with OPD. This suggests that weak attractive
interactions between the more hydrophobic TMB and the PEG
are responsible for the different impact of this crowder on HRP
reaction rates with the two substrates.

■ RESULTS AND DISCUSSION
HRP activity is commonly used as a reporter in an enzyme-
linked immunosorbent assay (ELISA) and other types of
bioassays due to its stability and the ease of detecting its
products.40 HRP can oxidize many different aromatic
substrates, which made it possible for us to select two common
substrates for comparison in this investigation. We had
previously measured HRP kinetics as part of a coupled reaction
in a PEG/sodium citrate aqueous two-phase system (ATPS).41

HRP activity toward its substrate Amplex Red in the more
hydrophobic PEG-rich phase was decreased substantially as
compared to the citrate-rich phase. Indeed, kinetics in the PEG-
rich phase could not be fit with the standard Michaelis−Menten
equation because the rate increased linearly up to the point of
substrate solubility. This observation, coupled with Amplex
Red’s strong partitioning preference for the PEG-rich phase of
the ATPS, suggested to us that there could be an attractive
interaction between the substrate and the PEG leading to
decreased availability of the Amplex Red.
For the present study, we chose two chemically distinct

substrates, OPD and TMB, to evaluate whether substrate−
crowder interactions could be important. The value log D is a
measure of the partitioning of a compound with ioniziable
functional groups in a water−octanol system, and it serves to
gauge the relative lipophilicity (hydrophilicity/hydrophobicity)
of a small molecule. Compounds with log D > 0 partition to the
octanol phase of a water−octanol system and are more
lipophilic. OPD is highly water-soluble and one of the least
hydrophobic HRP substrates (log D at pH 7 = 0.24);42 TMB is
sparingly water-soluble and one of the most hydrophobic
substrates (log D at pH 7 = 2.67)43 (Chart 1). The OPD
reaction was monitored by the absorbance of the product 2,3-
diaminophenazine (DAP). The TMB reaction was monitored
using the diamine/diimine charge-transfer complex. We verified
that the established extinction coefficients for these products

Chart 1. Substrates Used in This Work
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were valid in the complex media used here (see the
Experimental Section).44 PEG was chosen as a crowding
agent and as a small-molecule cosolute in these experiments
because it has been widely used as a crowding agent and is
known to have interactions with hydrophobic molecules45 and
with hydrophobic portions of proteins.2 Dextran 10k was
chosen because it is a commonly used crowding agent. The
buffer used in this work was 50 mM sodium phosphate, pH 7.4,
with 1 mM EDTA added to complex any trace metal ions that
may cause background oxidation of the small-molecule
substrates.
HRP Activity, KM of Substrates in Macromolecular

Crowding Agents. We first measured the effect of crowding
on HRP reaction kinetics for the OPD and TMB substrates in
solutions of the macromolecular crowding agents, PEG 8k and
dextran 10k, (Figure 1, additional crowder concentrations in

Supporting Information Figure 1). Data were fit with the
Michaelis−Menten equation; Table 1 summarizes KM and Vmax
values for each set of conditions. In all cases, KM increased as
the weight percent of the crowding agent increased; however,
the effects were different both between crowders for the same
substrate and between substrates for the same crowder. For
TMB, KM increased more than 2-fold in just 5% and more than
10-fold in 20% PEG 8k. Above 25% PEG 8k, the reaction of
HRP with TMB was essentially shut down, and data could not
be fit with Michaelis−Menten kinetics. PEG 8k also increased
the KM for OPD but only at higher concentrations of crowding
agent. At 10% PEG 8k, KM for OPD was the same as that
without crowder, while by 30% PEG, it had increased more
than 10-fold. Dextran also increased KM for both substrates but
to a lesser degree than PEG. At 30% dextran, the KM for TMB
increased 6-fold, while the KM for OPD increased nearly 3-fold.
An increase in KM can been attributed to changes in the

active site of an enzyme.13 We cannot rule out this contribution

to the increase in KM as substrate access can be hindered by
changes in the local protein environment of HRP.46 However,
we expect that the local protein environment in the crowding
agents would be the same regardless of the substrate used.
Another study reported that dextran had little effect on HRP
KM using the substrate 2,2′-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS), observing a small decrease that was not
statistically different compared to the KM in buffer.47 ABTS is
more hydrophilic than OPD, with log D = −3.59 at pH 7;48

therefore, it is not surprising that the KM was not changed in
dextran. In our previous work using Amplex Red, with log D =
1.94,49 HRP activity could not be fit to Michaelis−Menten
kinetics,41 which is also consistent with this hydrophobic
substrate interacting with the PEG. An increase in KM may also
be caused by increased diffusion resistance within the
sample.13,50 While an increase in viscosity due to the crowding
agents could account for some of the observed decrease in
enzyme kinetics, it cannot account for the much larger changes
that we observed in KM and Vmax for the TMB substrate as
compared with the OPD substrate. These substrates have
similar molecular weights (OPD Mw = 108.14 Da; TMB Mw =
240.34 Da); therefore, we would expect the diffusivity of both
substrates to decrease similarly if viscosity was the only factor
affecting the diffusion; that was not observed here.
Experimentally determined viscosities for weight percents of
crowding agent and cosolute at 17 °C (lab temperature used in
enzyme assays) and 25 °C (temperature of NMR experiments)
are compiled in Supporting Information Table 1.

Vmax Analysis in Macromolecular Crowding Agents.
The Vmax of the substrates was either statistically unchanged or
decreased with respect to increasing weight percent of the
crowding agents. For OPD, Vmax decreased slightly in the PEG
8k and was essentially unchanged with respect to buffer in
dextran 10 kDa. For TMB, Vmax decreased steadily in PEG 8k
until there was no reaction and decreased slightly in dextran
10k.
A decrease in Vmax has usually been attributed to a change in

the active site of the enzyme by the environmental
surroundings.21,51 Other studies report crowding effects on
HRP activity. Altikatoglu and Basaran studied the reaction with
respect to the substrate o-dianisidine in various molecular
weights of dextran and found that the activity was decreased in
dextran 17.5k compared to that in buffer, curiously was
increased ∼2-fold in dextran 75k, and then decreased as the
molecular weight of the dextran increased.52 Pitulice et al.
measured the rate with respect to ABTS and also found that the
Vmax was decreased,

47 as we observed here. These studies and
our work point to a general volume exclusion effect that is
changing the enzyme active site. Aromatic substrates bind to
HRP by a solvent-exposed heme edge that has an active site
composed of flexible amino acids; it can accommodate many
different small aromatic molecules.53 Volume exclusion could
cause a conformation change that is sterically restricting access
to the active site. Polymer−protein interactions27,54,55 can also
be restricting substrate access. As described above, this may
contribute to the macromolecular crowding effect that we and
others observe but cannot adequately explain that the Vmax
decreased to zero for the TMB substrate and only slightly
decreased or stayed the same for the OPD substrate under the
same HRP crowding conditions.

HRP Activity in the Presence of Small Molecule
Cosolutes. To further investigate potential chemical inter-
actions with the media without the excluded volume effects of

Figure 1. Michaelis−Menten plots of the reaction of HRP with TMB
and OPD in different crowding agents. (A) TMB in PEG 8k; (B) OPD
in PEG 8k; (C) TMB in dextran 10k; (D) OPD in dextran 10k; The
HRP concentration was 0.005 U/mL (0.45 nM) for all assays. The
data points are the average of three measurements with standard
deviation error bars. The traces are the fit to the standard Michaelis−
Menten equation. TMB data for 30% PEG 8k could not be fit to the
equation.
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the polymers, we used PEG 400 and glucose as cosolutes and
conducted each of the reactions in solution up to 30 wt %
(Figure 2, Table 2, Supporting Information Figure 1). HRP

kinetics were not substantially changed with respect to the
OPD substrate in either cosolute. For the TMB substrate,
however, KM was increased substantially. This is consistent with
a chemical interaction between the TMB substrate and the
PEG 400, as was observed with the PEG 8k. With TMB, the KM
in glucose also increased but increased to a much smaller extent
than that for PEG 400, similar to the larger effect of PEG 8k
than dextran in Figure 1. Together, these data for small
molecules suggest that chemical interactions are important for
understanding the differences between the two small-molecule
substrates. The larger effects seen for macromolecular cosolutes
also indicate that excluded volume effects account for some of

the observed changes in HRP kinetics as compared with
reactions performed in buffer.

Diffusion Coefficients of OPD and TMB in Different
Media. PFG-NMR was used to measure the impact of the PEG
8 kDa and dextran 10 kDa crowders on OPD and TMB
diffusion coefficients. When translational diffusion of small
molecules is reduced due to interactions with polymers in
solution, this can be measured using PFG-NMR.56−59 We
measured the diffusion coefficient, D, of OPD and TMB
together in buffer alone, 10% PEG 8k, and 10% dextran 10k.
This crowder concentration was chosen because a difference in
enzyme activity was observed at 10%, and higher polymer
concentrations are more challenging for NMR diffusion
experiments. A schematic way to view the diffusion data is
the diffusion ordered NMR (DOSY) representation where the
signal attenuation at each chemical shift is inverted by an
approximate inverse Laplace transformation (ILT). The DOSY
representation of the data is presented as a 2D spectrum with
chemical shifts on the horizontal axis and the distribution of the
diffusion coefficients on the vertical axis shown in Figure 3. The
individual 1D 1H spectra are also included for buffer, 10% PEG,
and 10% dextran.
Diffusion coefficients for each substrate in buffer, 10% PEG

8k, and 10% dextran 10k are given in Table 3. The coefficients
were calculated using eq 2 (see the Experimental Section).
DOPD,PEG decreased by a factor of 1.7 compared to DOPD,buffer,
and the DTMB,PEG decreased by a factor of 3.9. For dextran, the
diffusion coefficients decreased by a similar factor. DOPD,dex
decreased 1.6× compared to buffer, while DTMB,dex decreased
2.3× compared to buffer.
We expect that the diffusion coefficients would decrease due

to the increased viscosity of these solutions, as anticipated by
the Stokes−Einstein equation, which can provide a first-order
estimate of a diffusion coefficient.60 Diffusion coefficients do
not always scale proportionately with viscosity in liquids
because diffusion reflects short-range interactions while
viscosity often depends on longer-range interactions in the
solution.61 The larger decrease in the diffusion coefficient of
TMB in PEG versus OPD in PEG suggests that there is an
interaction between the TMB and PEG that is either smaller or
not present between OPD and PEG. The fold-decrease for the
OPD and TMB in dextran was not identical but was more
similar in magnitude than that for OPD and TMB in PEG. The
change in diffusion that we observe for OPD and TMB can

Table 1. Michaelis−Menten Reaction Parameters for TMB and OPD in the Various Macromolecular Crowding Agentsa

TMB OPD

media wt % KM (μM) Vmax (μM/min) KM (μM) Vmax (μM/min)

buffer 0 100 ± 10 6.6 ± 0.3 25 ± 4 1.86 ± 0.06
PEG 8k 5 240 ± 40 5.1 ± 0.4

10 500 ± 100 3.5 ± 0.4 26 ± 3 1.55 ± 0.03
15 1100 ± 500 2.5 ± 0.7
20 1100 ± 800 1.0 ± 0.5 45 ± 9 1.04 ± 0.05
25 na na
30 na na 280 ± 50 1.28 ± 0.10

dextran 10k 5 110 ± 10 6.7 ± 0.3
10 190 ± 40 6.3 ± 0.5 38 ± 3 1.90 ± 0.04
15 210 ± 70 5.3 ± 0.6
20 300 ± 100 4.0 ± 0.6 36 ± 3 1.68 ± 0.05
25 600 ± 200 5 ± 1
30 600 ± 300 4 ± 1 70 ± 10 2.0 ± 0.2

ana: Not applicable. That data could not be fit with Michaelis−Menten kinetics.

Figure 2. Michaelis−Menten plots of the reaction of HRP with OPD
and TMB in different cosolutes. (A) TMB in PEG 400; (B) OPD in
PEG 400; (C) TMB in glucose; (D) OPD in glucose. The HRP
concentration was 0.005 U/mL (0.45 nM) for all assays. The data
points are the average of three measurements with standard deviation
error bars. The traces are the fit to the standard Michaelis−Menten
equation.
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explain the large difference in activity that we observed for the
two substrates; the effective concentration of the TMB was
decreased in the increasing concentrations of PEG due to
attractive interactions with the PEG. The nature of the TMB−
PEG interaction is not a strong binding because we did not
observe a large chemical shift of the proton signal or a complete
loss of signal. Rather, we interpret these data as indicative of a

weakly attractive and dynamic association between TMB and
PEG, such as has been observed with other hydrophobic
molecules62 and hydrophobic portions of proteins.2 It is also
possible that the TMB interacts with different microenviron-
ments in the solution as nanostructuring has been suggested to
occur in a polymer solution.24 Nanostructuring can lead to
subdiffusion of solutes; subdiffusion has been described
previously in model crowding conditions63,64 and in cellular
environments.65,66

■ CONCLUSION
This study demonstrates substrate-specific crowding effects for
the same enzyme in the same crowder, which appear to arise
due to differences in weak chemical interactions between the
polymeric crowders and the small-molecule enzyme substrates.
It underscores the multiple types of interactions that can occur
as the complexity of biological (or biomimetic) media is
increased. The reaction of HRP with the more hydrophobic
substrate, TMB, is substantially more sensitive to the presence
of crowders and cosolutes than the reaction with OPD. This is
consistent with weakly attractive interactions between the
substrates and the background molecules resulting in decreased
chemical activity of the small-molecule substrate.
Although the substrates and crowders investigated here are

not themselves biologically relevant in vivo, biological
metabolites almost certainly experience interactions with the
components of the cell. Amino acids with hydrophobic side
chains (tyrosine, phenylalanine, and tryptophan) and other
metabolites with aromatic ring structures (e.g., dimethylbenzi-
midazole, riboflavin) could experience attractive interactions
with hydrophobic areas inside of cells, such as cell membranes
and hydrophobic parts of proteins. The abundance of
uncharged, hydrophobic metabolites in cells is low compared
to charged hydrophilic species; it has been suggested that this is
due to the possibility of hydrophobic species having high
membrane permeability, which could lead to metabolite leakage
or membrane accumulation.67 These types of interactions in

Table 2. Michaelis−Menten Reaction Parameters for TMB and OPD in the Cosolutes

TMB OPD

media wt % KM (μM) Vmax (μM/min) KM (μM) Vmax (μM/min)

buffer 0 100 ± 10 6.6 ± 0.3 25 ± 4 1.86 ± 0.06
PEG 400 5 180 ± 30 8.0 ± 0.5

10 220 ± 50 7.4 ± 0.7 18 ± 2 1.74 ± 0.04
15 300 ± 60 7.6 ± 0.6
20 500 ± 100 7.2 ± 0.8 28 ± 4 1.49 ± 0.04
25 700 ± 200 6.5 ± 0.9
30 2400 ± 1700 10 ± 5 50 ± 10 1.65 ± 0.10

glucose 5 150 ± 30 7.7 ± 0.5
10 130 ± 30 6.2 ± 0.4 32 ± 3 1.90 ± 0.04
15 150 ± 30 6.3 ± 0.4
20 150 ± 30 6.1 ± 0.5 40 ± 5 1.74 ± 0.03
25 180 ± 20 5.9 ± 0.3
30 210 ± 50 5.1 ± 0.5 110 ± 30 1.79 ± 0.09

Figure 3. 1H DOSY plot of OPD and TMB in buffer (black), 10%
PEG 8k (red), and 10% dextran 10k (blue) with the corresponding 1D
spectra above. Chemical shifts are OPD: δ = 6.7 and TMB: δ = 2.2 and
7.2. HDO appears in the 10% PEG at δ = 4.7.

Table 3. Summary of Measured Diffusion Coefficients of
OPD and TMB in Different Media

diffusion coefficient D (10−10 m2/s)

substrate buffer 10% PEG 8k 10% dextran 10k

OPD 11.8 ± 0.2 6.8 ± 0.1 7.4 ± 0.3
TMB 7.18 ± 0.07 1.83 ± 0.07 3.1 ± 0.1
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cells need not be only hydrophobic; electrostatic, van der Waals
attractions, and hydrogen bonding could affect the chemical
activity of a small-molecule metabolite in the nonideal cell
environment.
The results presented here indicate that possible chemical

effects of biological and biomimetic media must be examined
not only for biomacromolecules but also for biologically
important small molecules such as enzyme substrates. This will
be important for understanding not only enzymatic activity in
complex media such as the cytoplasm or nucleoplasm but also
for any process that relies on the chemical activity of a small
molecule (e.g., binding to nucleic acids, proteins, or
polysaccharides or insertion into membranes).

■ EXPERIMENTAL SECTION
Materials. PEG 8 kDa, dextran 10 kDa from Leuconostoc

mesenteroides, PEG 400, D-(+)-glucose, 30% hydrogen peroxide
solution, OPD, 3,3′,5,5′-tetramethlybenzidene, sodium phos-
phate dibasic dihydrate, sodium phosphate monobasic dihy-
drate, deuterium oxide, DMSO-d6, and Amicon 0.5 mL filters
(MWCO 3000) were purchased from Sigma-Aldrich (St. Louis,
MO). HRP EIA grade was purchased from Life Technologies
(Carlsbad, CA). DMSO was purchased from Alfa Aesar, and
ethylenediaminetetraacetic acid (EDTA) was purchased from
IBI Scientific (Peosta, IA). Deionized water with a resistivity of
18.2 MΩ·cm from a Barnstead NANOpure Diamond water
purification system (Van Nuys, CA) was used for all
experiments. Buffers were filtered using a 0.45 μm pre size
Nalgene filter units. All reagents were used as received without
further purification. Viscosity measurements were made using
an Ostwald viscometer.
Enzyme Assays. The reaction progress of HRP was

followed using an Agilent 8453 diode array UV−visible
spectrometer with Agilent ChemStation software. All assays
were repeated three times. The final concentration of enzyme
for both substrates was 0.005 U/mL (0.45 nM) HRP, with
hydrogen peroxide held in excess at 8.8 mM.68 OPD and TMB
concentrations were varied from 0 to 1000 μM in the various
weight percents of cosolutes and crowding agents dissolved in
50 mM sodium phosphate buffer, pH 7.4, with 1 mM EDTA.
OPD stock solutions were made by dissolving the OPD tablet
in the sodium phosphate buffer and used immediately. New
solutions were made if any color in the stock solution was
observed. TMB stock solutions were made by dissolving the
TMB solid in DMSO. The activity of the enzyme for the OPD
substrate with respect to both substrates was measured for 2
min, and the activity was calculated using an extinction
coefficient of 16 700 M−1 cm−1 for the product (2,3-
diaminophenazine) at 417 nm.69 For the TMB substrate, the
activity was calculated using the extinction coefficient of 39 000
M−1 cm−1 of the charge-transfer complex at 652 nm.44 For the
acid-stopped reactions, the extinction coefficient of 59 000 M−1

cm−1 at 450 nm was used for the diimine product. Because
these substrates can react without the presence of HRP, we also
did control experiments without enzyme to ensure that no
appreciable reaction was observed. The standard Michaelis−
Menten equation was used to fit the data in order to determine
KM and Vmax using Igor CarbonPro nonlinear regression
analysis (eq 1). The error bars indicate the standard deviation
of three measurements for each substrate concentration.

=
+

V
V

K
[S]

[S]0
max

M (1)

Validation of Extinction Coefficients. We verified that
the DAP extinction coefficient was valid in the different media
by dissolving a known amount of DAP in each medium. For
TMB, initial oxidation of the substrate leads to two
intermediates, a diamine/diimine charge-transfer complex
(blue) and a radical cation (colorless). Addition of acid or
further oxidation will ultimately convert the charge-transfer
complex and the radical cation to the diimine product (yellow)
(Supporting Information Scheme 1). The extinction coefficient
for the blue charge-transfer complex could not be verified
directly because dilution will cause re-equilibration and spectral
changes.44 We verified the extinction coefficient of the yellow
diimine by reacting 12.5 μM TMB in buffer using 4.5 nM HRP
and 8.8 mM peroxide and converting to acid by addition of an
equal volume of 2 M H2SO4. The reaction mixture was diluted
in 1 M H2SO4 that also contained 30% of the crowder or
cosolute. To verify that the extinction coefficient of the charge-
transfer complex (blue) was valid in the PEGs, dextran, and
glucose, we converted the amount of blue complex and the
colorless radical cation to the yellow diimine and measured the
rate of formation. Because the ratio of blue to yellow made was
approximately 2× for each medium, we used the extinction
coefficient of the blue product to monitor the reaction in real
time (Supporting Information Figure 2). We also examined the
absorbance spectra of the charge-transfer complex in each
medium to detect any changes in the peak positions, and no
change was observed. We did observe some spectral changes in
the PEG 400 spectra at high weight percents in the area where
the yellow product appears. Small molecular weight PEG
solutions have been shown to contain trace impurities such as
peroxide, formaldehyde, and organic acids,70 which could lead
to background oxidation of the charge-transfer complex to the
yellow product. We used only the beginning linear portion of
the kinetic trace for rate calculation to minimize this effect as
much as possible.

NMR Experiments. NMR experiments were conducted on
a Bruker DRX spectrometer operating at 400.01 MHz for 1H
nuclei. All experiments were performed at 25.00 ± 0.01 °C, and
the spectra were processed by the Bruker TopSpin software
package. The concentration of OPD in each sample was 2.5
mM, and the TMB was 250 μM in PEG 8k and buffer and 1
mM in dextran 10k in D2O buffer.

1H NMR spectra were recorded with water suppression in
the buffer and dextran samples and PEG suppression in the
PEG samples using the following acquisition parameters: 16
scans and 4 dummy scans, 64 K data points (TD), 90° pulse
angle, relaxation delay of 2 s, and spectral width (SW) of 10
ppm. A polynomial fourth-order function was applied for
baseline correction in order to achieve accurate quantitative
measurements upon integration of signals of interest. The
spectra were acquired without spinning the NMR tube in order
to achieve better water suppression and avoid artifacts, such as
spinning side bands of first or higher order. Chemical shifts are
reported in ppm from HDO (δ = 4.7). Diffusion coefficients
(D) were obtained by fitting the peak area to eq 2 using the
TopSpin software.

γδ δ τ= − Δ − −⎜ ⎟
⎧⎨⎩

⎛
⎝

⎞
⎠
⎫⎬⎭I g I D g( ) exp ( )

1
3

1
20

2

(2)

I(g) and I0 are the integrated peak areas, g is the gradient pulse
amplitude, δ is the gradient duration, γ is the gyromagnetic
ratio of the nucleus, Δ is the separation between gradient pulse
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pairs, and τ is the time allowed for gradient recovery before the
next pulse.

1H diffusion experiments were performed using the
ledbpgppr2s pulse sequence with presaturation, which uses
bipolar gradients and an eddy current reduction delay. A total
of 32 scans of 16 data points were collected using a 90° pulse
angle, a relaxation delay of 15 s to ensure full relaxation, and a
SW of 10 ppm. The maximum gradient strength produced in
the z direction was 5.35 G mm−1. The duration of the magnetic
field pulse gradients (δ) was optimized for each diffusion time
(Δ) in order to obtain a 2% residual signal with the maximum
gradient strength. The values of δ ranged from 800 to 1100 μs,
and Δ was 200 ms. The pulse gradients were incremented from
2 to 95% of the maximum gradient strength in a linear ramp.
The temperature was set and controlled to 298 K with an air
flow of 400 L h−1 in order to avoid any temperature fluctuations
due to sample heating during the magnetic field pulse gradients.
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