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1. Introduction
The first steps of enzyme kinetics as a science took place in the latter part of the
nineteenth century. Studies by O’Sullivan and Tompson around 1890, yet performed
without a control over pH, with non-purified enzymes and using unsophisticated
methods, allowed humanity to glimpse the first tendencies that govern the function of
enzymes: dependence on pH, temperature, optimal pH and temperature, dependence on
substrate and enzyme concentrations…
Further independent works by Wurtz, Brown and Buchner in the boundaries between the
XIXth and XXth centuries, shed light into what an enzyme truly is and how it works,
contributing to establish biochemistry as a definite science by itself [1].
Henri (1902) and later on Michaelis and Menten (1913) reached a more precise model, in
terms of mathematics and chemistry, by incorporating the ideas of reversibility and
equilibrium constants to each step, proposing the following scheme [2]:
𝐸 + 𝑆 ⇄ 𝐸𝑆 → 𝐸 + 𝑃

(1.1)

Afterwards, Briggs and Haldane contributed to the quasi-steady state approximation
(QSSA), which assumes the concentration of ES remains constant during the first part of
the reaction [3]. This leads to what is nowadays known as Michaelis-Menten equation:

𝑣0 =

𝑉𝑚𝑎𝑥 [𝑆]
𝐾𝑀 +[𝑆]

(1.2)

In which the maximum velocity is defined as Vmax = k2[E]T and the Michaelis constant,
𝐾𝑀 =

𝑘2 + 𝑘−1
𝑘1

.

The establishment of this theory led to a gradual systematization of enzyme activity assays and
study of the kinetics of enzyme-catalyzed reactions. As a result, nowadays the values of kinetic

parameters are much more realistic, accurate and available throughout literature for a
great number of enzymatic systems.
In spite of all these advances, the vast majority of the available data still lack realism in
terms of resembling the biophysical properties of the living cell. Most experiments and
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routine assays of enzyme activity in the last decades have been performed in dilute
solutions of a particular enzyme.
And, indeed, individual enzymes are present in such low concentrations inside the cell,
but the cytoplasmic matrix cannot be considered, by any means, as “diluted”. Instead, a
sum of low concentrations of a great number of proteins and other kinds of
macromolecules leads to a large fraction of volume occupied by macromolecules.
For instance, total protein concentration in blood plasma is around 80 mg/mL and within
the cytosol of an erythrocyte it can reach 330 mg/mL. In the bacterial cytoplasm it is
usually between 300 and 400 mg/mL or even inside the mitochondrial matrix it is
reported to be up to 500 mg/mL [4].
Thus, the system can no longer be treated in terms of ideality and infinite dilution, as the
activity coefficients of all species in solution will significantly differ from unity. This
deviation from ideality that occurs in vivo has implications in most cellular processes and
enzyme kinetics is no exception.
The main difference between diluted and concentrated solutions is related to excluded
volume. Excluded volume theory, developed by Werner Kuhn in 1934 and applied to
polymer science by Paul Flory, states that the volume occupied by a given macromolecule
in solution excludes more volume than its own for other macromolecules in the solution.

Figure 1 - Representation of the fraction of available volume (blue)
and excluded volume (pink) for a given small molecule (A) and a macromolecule (B)
in a macromolecule solution. – extracted from Minton A.P. J. Biol. Chem. 276 (2001): 10577-80

For example, considering Figure 1, the small molecule T in illustration A will be able to
occupy all the space without superposing to other molecules in solution (colored in blue),
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but the macromolecule T in illustration B will not be able to occupy the space between
two other macromolecules if the distance between them is smaller than T
macromolecule’s diameter (pink). Therefore, the available volume for T will be much less
than the real amount of volume of solvent. When applying this theory to the biophysics of
the living cell it is commonly referred as macromolecular crowding.
The term macromolecular crowding was coined by Minton and coworkers (1981) [5],
after they had already insinuated its effects in their previous works with concentrated
hemoglobin solutions and even previous works by Laurent (1971) [6] and others had
already opened the way.
Since then, macromolecular crowding has been reported and generally accepted for a
wide variety of phenomena inside cells: diffusion and transport, where a limited or even
anomalous diffusion is reported [7]; protein folding and stability, where it has been found
that crowding can favor stabilization and protein folded conformation [8]; DNA
replication and transcription, where a regulatory role has been found both in
experimental and computational studies [9,10]; cell volume sensing, where crowding is
proposed as a way for the cell to respond to changes in its volume [11]; intermolecular
interactions, where it has been found to affect association rates [12]; and also enzyme
kinetics [13-15].
Regarding enzyme kinetics, the effects of macromolecular crowding are still unclear since
different situations are encountered depending on the enzyme. The work presented here
represents a contribution to the understanding of the consequences of macromolecular
crowding in enzyme-catalyzed reactions.
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2. Objectives
This work contributes to some long term general objectives set by the scientific
community in understanding the effects of macromolecular crowding in life, and
particularly in the field of enzyme kinetics.
As general objectives:
1. Find tendencies regarding the ratio enzyme/crowding agent size [15].
2. Contribute to obtaining more biophysically realistic kinetic parameters’ values for
systems biology databases.
As particular objectives:
1. Study the kinetics in crowded media of lactate dehydrogenase reaction system.
2. Study the kinetics in crowded media of alkaline phosphatase reaction system.
3. Study the effect of macromolecular crowding on the coupled reactions of two
enzymes: lactate dehydrogenase and pyruvate kinase.
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3. Methods
3.1. Materials
Rabbit muscle L-lactate dehydrogenase (E.C. 1.1.1.27, 140 U·mg-1), rabbit muscle
pyruvate kinase (E.C. 3.1.3.1, 350-600 U·mg-1) and bovine intestine mucosa alkaline
phosphatase (E.C. 2.7.1.40, 10 U·mg-1) were received as purified and lyophilized powders
from Sigma-Aldrich Chemical (Milwaukee, WI, USA).
Sodium pyruvate, phosphoenolpyruvate (PEP), ADP, β-NADH and 4-Nitrophenyl
phosphate disodium salt hexahydrate (PNPP · 6H2O), which will be referred as PNPP
hereafter, imidazole and glycine were also acquired from Sigma-Aldrich Chemical
(Milwaukee, WI, USA).
Dextrans of molecular weights 50, 150, 275 and 410 kDa were purchased from Fluka and
used without further purification. The dextrans used for these experiments will hereafter
be referred after their Mw, as indicated in Table 1, which also depicts some physical
properties which are relevant for the experiments carried out in this work. All other
chemicals were of spectroscopic or analytical reagent grade.
Mp (kDa)

Mn (kDa)

Mw (kDa)

Rg (nm)

D50

43.5

35.6

48.6

5.8

D150

125

100

150

11.2

D275

195

195

275

14.7

D410

276.5

236.3

409.8

17

Table 1 – Molecular weights, diffusion coefficient and radius of gyration of the four dextrans used.

3.2. Experimental setup
The kinetics of bovine intestine alkaline phosphatase (ALKP) and of rabbit muscle Llactate dehydrogenase (LDH), and coupled lactate dehydrogenase-pyruvate kinase (LDHPK) reactions, both in dilute solution and under crowding conditions, were monitored
using UV-1603 and UV-1700 Shimadzu spectrophotometers.
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In all the experiments, the solution in the spectroscopic cell was thoroughly mixed using
a syringe after the addition of each component of the reaction. All three kinetics were
found to be independent of adding substrates or enzymes first.
LDH reaction - This reaction was performed at 25OC at a constant enzyme concentration
of 8.2×10-13 M, a constant NADH concentration of 1.17×10−4 M and a pyruvate
concentration range between 7.1×10−5 and 5.4×10−4 M.
Pyruvate + NADH → L-lactate + NAD+

(3.1)

The reaction mixture was buffered with 30 mM imidazole-CH3COOH buffer and ionic
strength was adjusted by adding 60 mM CH3COOK and 30 mM MgCl2.
In order to discard that magnesium ions could present any effect on any of the substrates
as had been reported previously, experiments in dilute solution of LDH activity with NaCl
and CaCl2 were also performed and only slight differences are found which only account
for experimental error.

Figure 2 - Dilute solution assays of LDH reaction in presence of NaCl
(open circles) and CaCl2 (solid down-triangles), in comparison with
MgCl2 (solid squares) as ionic strength providers.

In this reaction, NADH depletion was monitored at 340 nm, according to the absorbance
maximum found in the reagent spectra.
LDH-PK reaction - This reaction was performed at 25OC at a constant enzyme
concentrations of 8.2×10-13 M (LDH) and 8.2×10-13 M (PK), a constant NADH
concentration of 1.17×10−4 M, a constant ADP concentration of 8×10−4 M and a PEP
concentration range between 7.1×10−5 and 5.4×10−4 M.
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PEP + ADP → pyruvate + ATP

(3.2)

pyruvate + NADH → L-lactate + NAD+

(3.3)

Pyruvate kinase reaction is coupled to lactate dehydrogenase as shown in equations 3.2
and 3.3 in order to use NADH depletion as chromophore to follow by spectroscopic
methods both reactions.
The buffer for LDH-PK experiments was again imidazole-CH3COOH buffer 30 mM
(pH=7.4) and ionic strength was adjusted by adding 60 mM CH3COOK and 30 mM MgCl2.
ALKP reaction - This reaction was performed at 25OC at a constant enzyme concentration
of 4.8 ×10−6 M and PNPP concentration range between 2 ×10−4 and 1.2 ×10−3 M in 0.1 M
glycine buffer at pH=9.5
PNPP + H2O → PNP + Pi

(3.4)

P-nitrophenol formation was monitored at 402 nm, according to the absorbance
maximum found in the product spectra1.
Crowded-media experiments - Solutions containing dextrans, buffer and substrates
were left to dissolve overnight, stored at 4oC and centrifuged right before measure, using
a Spectrafuge Mini (6000 rpm) in order to check that dextran is completely dissolved.
The effect of dextrans as crowding agents was tested as a function of dextran
concentration and dextran size as summarized in Table 2.
DEXTRAN CONCENTRATION(mg/mL)
D50

0

25

50

100

DEXTRAN

D150

0

25

50

100

SIZE

D275

0

25

50

100

D410

0

25

50

100

Table 2 – Experimental conditions of samples regarding dextran size and concentration

3.3. Spectroscopic data fitting

Spectra of the cromophore species NADH and p-nitrophenol were also recorded with UV-1603 Shimadzu
spectrophotometer to determine the maximum absorbance wavelengths, 340 and 402 nm respectively
(data not shown).
1
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Using the experimental conditions depicted above, in the range in which the quasi-steady
state approximation (QSSA) is valid, and provided that this three reactions can be treated
under the Michaelis-Menten approximation according to literature [6,17,18], we obtained
a linear increase (or decrease) in absorbance with time, which implies that the reaction
rate is constant at short times.
This allows us to choose initial velocity, v0, as an experimental parameter which is the
slope obtained by fitting the initial linear part of the absorbance-time plot (between 3 and
30 seconds) [13]. Each single experiment from Table 2 was repeated from 3 to 5 times
independently and values for v0 were obtained and plotted against substrate
concentration. Then, they were fitted non-linearly to equation 1.2, using Origin software.
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4. Results
In order to properly evaluate the influence of macromolecular crowding on a given
enzyme-catalyzed reaction, several conditions should be considered regarding the
experimental setup.
First, the variation of excluded volume during the progression of the reaction must be
negligible. This condition is fulfilled for our three reactions since all reagents and products
are small molecules, and the former and the later are comparable in size, so there is no
significant variation.
Linked to this, the effect exerted by the crowding agents should only account for their own
size and concentration. In other words, the polymer should not present specific or
electrostatic interactions with any of the other substances in the sample. Dextran
polymers have been extensively studied for this application and they are neutral, randomcoiled and relatively inert, with no reported specific interactions neither with enzymes
unrelated to polysaccharides hydrolysis nor with any of the substrates we are using in
this work.
Finally, the studied reactions should be processes with a generally accepted kinetic
behavior in which Michaelis-Menten mechanism should be applicable. As mentioned
previously, this is also true in the three studied enzyme-catalyzed reactions, the results of
which will be presented hereafter.
4.1. Lactate dehydrogenase (LDH)
In this case, all the absorbance-time plots monitoring NADH absorbance at 320 nm show
an initial linear decrease which lasts for up to 10 seconds and a subsequent plateau. As
explained in the methods section, this initial linear decrease was fitted to obtain the v0
versus substrate concentration plots.
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Figure 3 – v0 versus substrate concentration plots for the reduction of pyruvate in presence of NADH catalyzed by
LDH in dextran crowded media with different dextran sizes (A) Mw = 50 kDa; (B) Mw = 150 kDa; (C) Mw = 275 kDa; (D)
Mw = 410 kDa. For each panel, the four different curves correspond to different dextran concentrations: 0 mg/mL
(solid squares), 25 mg/mL (open circles), 50 mg/mL (solid up-triangles), and 100 mg/mL (open down-triangles)

Each panel, A-D in Figure 3 represent v0 data for a given dextran size (D50, D150, D275
and D410), each one using a range of dextran concentration from 0 (diluted solution) to
100 mg/mL. It is important to note that dextran concentration in mg/mL is directly
proportional to the amount of excluded volume and that the data points presented here
are means of three to five data points in the same experimental conditions in terms of
substrate, enzyme and dextran concentrations.
The dependence encountered on both the dimension of obstacle particles (dextran size)
and on excluded volume (dextran concentration) is significant. Regarding obstacle size,
this tendency is more evident at high dextran concentrations (>50 mg/mL).
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Figure 4 supports clearly this idea as
it can be seen that v0 always decreases
with dextran size at high dextran
concentrations (100 mg/mL, open
down-triangles) and that the decrease
is more important at high substrate
concentrations (panel C), that is close
to the plateau of a typical MichaelisMenten plot.
The values of Vmax and KM were
obtained from the non-linear fitting of
equation 1.2 to the data points shown
in Figure 3 and are presented in Table
3, with the respective calculated
errors, and separately in Figures 5
and 6.

Figure 4 – v0 variation with dextran size for each dextran
concentration 25 mg/mL (open circles), 50 mg/mL (solid uptriangles) and 100 mg/mL (open down-triangles). Each panel
shows a given substrate concentration: 0,22 mM (A), 0,34 mM
(B) and 0,40 mM (C).

Diluted
Solution
D50

D150

Dextran
Concentration
(mg/mL)

𝒗𝐦𝐚𝐱
(mM/s)

𝑲𝐦 (mM)

𝒗𝐦𝐚𝐱
⁄𝑲 (s-1)
𝐦

r2

-

0.81 0.01

0.47  0.01

1.7  0.1

0.9825

25

0.63 0.02

0.45  0.01

1.4  0.1

0.9893

50

0.57  0.02

0.46  0.01

1.2  0.1

0.9758

100

0.54  0.05

0.46  0.01

1.2  0.1

0.9733

25

0.53  0.03

0.43  0.01

1.2  0.1

0.9879

50

0.53  0.03

0.43  0.01

1.2  0.1

0.9820

100

0.21  0.01

0.34  0.01

0.6  0.1

0.9918
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D275

D410

25

0.58  0.03

0.41  0.01

1.4  0.1

0.9865

50

0.59  0.02

0.41  0.01

1.4  0.1

0.9846

100

0.21  0.01

0.35  0.01

0.6  0.1

0.9965

25

0.59  0.02

0.43  0.01

1.4  0.1

0.9925

50

0.39  0.03

0.43  0.01

0.9  0.1

0.9855

100

0.11  0.07

0.37  0.01

0.3  0.1

0.9970

Table 3 – Vmax and KM values for diluted solution and in presence of all dextran sizes and concentrations for LDH
kinetics, obtained from Figure 3 non-linear fittings.

Figure 5 and 6 are presented in order to give a better glimpse of the tendencies in Vmax
and KM that arise from the data in Table 3. Figure 5 shows the values of KM for each dextran
concentration as a function of dextran size. It can be observed that KM remains relatively
constant or shows only a slight decrease for small dextrans at low concentrations, but it
shows a significant decrease for the biggest dextran and for all dextran sizes at the highest
concentration (100 mg/mL).

Figure 5 -𝐾M values against dextran concentration. The four
Dextran sizes used are plotted: D50 (solid square), D150 (open
circle), D275 (solid up-triangle) and D410 (open down-triangle).

Figure 6 is analogue to Figure 5 but it presents Vmax for the four different dextran
concentrations (0 to 100 mg/mL) as a function of dextran size (D50 to D410). It can be
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clearly observed that Vmax decays in presence of all dextran sizes and concentrations. It
even decays slightly for obstacles which are about three times smaller than the enzyme
(D50), but the decay is more significant the larger the dextran is, in particular at high
dextran concentrations (100 mg/mL).

Figure 6 -𝑉max values against dextran concentration. The four
Dextran sizes used are plotted: D50 (solid square), D150 (open
circle), D275 (solid up-triangle) and D410 (open down-triangle).

For 25 and 50 mg/mL of D150 and D275, equal and two times the LDH size, Vmax decays
slightly and appears to be independent of dextran concentration, but 100 mg/mL data for
these two dextran sizes show that it also depends on dextran concentration. The largest
decreases in Vmax are found in D410, which is three times larger than the enzyme.
Thus, the results for the kinetics of LDH in crowded media reveal that it is affected both
by concentration and size of obstructive particles, and that this influence is enhanced at
higher dextran concentrations.
4.2. Lactate dehydrogenase-Pyruvate Kinase (LDH-PK)
As stated in methods section, pyruvate kinase reaction is coupled to lactate
dehydrogenase one in order to have NADH depletion as chromophore that can be
followed by spectroscopic methods. However it is found that PK reaction is three orders
of magnitude slower than LDH reaction, resulting as the limiting step when both reactions
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are coupled. Therefore, we can assume that the kinetics we are measuring in this study is
almost pyruvate kinase only and LDH only functions as a detection method.

B

A

C

Figure 7 – v0 versus substrate concentration plots for pyruvate kinase reaction, coupled to lactate dehydrogenase
reaction, in dextran crowded media with different dextran sizes (A) Mw = 150 kDa; (B) Mw = 275 kDa; (C) Mw =
410kDa. For each panel, the four different curves correspond to different dextran concentrations: 0 mg/mL (solid
squares), 25 mg/mL (open circles), 50 mg/mL (solid up-triangles), and 100 mg/mL (open down-triangles)

As it can be observed in Figure 7, dextrans of different sizes and at different
concentrations do not affect significantly the kinetics of this enzyme.
Table 4 shows Vmax and KM parameters obtained by fitting the data shown in Figure 7.
These results were also reproduced from three to five times independently. Figure 7 does
contain the error bars for the mean of all data points, but in some cases error bar is smaller
than for the other enzymes presented here, since this reaction is much slower (note the
units of Vmax with respect to Table 3) and, in general, results were reproducible in a more
precise way.
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Diluted
Solution
D150

D275

D410

Dextran
concentration
(mg/mL)

𝑽𝐦𝐚𝐱
(µM/s)

𝑲𝐦 (mM)

𝑽𝐦𝐚𝐱
⁄𝑲 (s-1)
𝐦

r2

-

5.4 ± 0.1

0.15 ± 0.02

0.036 ± 0.005

0.9950

25

6.4 ± 0.3

0.20 ± 0.03

0.032 ± 0.006

0.9933

50

7.6 ± 0.9

0.31 ± 0.08

0.025 ± 0.009

0.9866

100

8.9 ± 0.8

0.54 ± 0.08

0.016 ± 0.004

0.9982

25

4.6 ± 0.7

0.09 ± 0.05

0.05 ± 0.04

0.8966

50

5.5 ± 0.5

0.18 ± 0.05

0.036 ± 0.011

0.9792

100

6.7 ± 0.1

0.19 ± 0.09

0.04 ± 0.02

0.9450

25

4.9 ± 0.2

0.09 ± 0.01

0.054 ± 0.008

0.9895

50

5.2 ± 0.1

0.17 ± 0.11

0.03 ± 0.02

0.9541

100

5.4 ±0.4

0.13 ± 0.03

0.042 ± 0.013

0.9864

Table 4 – Vmax and KM values for diluted solution and in presence of all dextran sizes and concentrations for LDH-PK
kinetics, obtained from Figure 7 non-linear fittings.

4.3. Alkaline Phosphatase (ALKP)
The raw absorbance data plots monitoring p-nitrophenol formation at λ=402 nm show an
initial linear increase which lasts for up to 20 seconds and a subsequent plateau. From
these plots, this initial linear region was fitted to obtain the v0 versus substrate
concentration plots as shown in Figure 8.
Figure 8 shows that the values of v0 are more affected by the crowded media for big
dextrans at high concentration (100 mg/mL), whereas for smaller dextrans and lower
concentrations the values are closer to diluted solution.
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This result is consistent with the results of
Homchaudhuri et al. [19]. These authors
stated that ALKP hydrolysis of PNPP in
dense media crowded by Ficolls2 or
Dextrans is not only concentration but
also crowding agent-size dependent.
However, they showed that for samples of
dextrans of about 20% (w/w) the reaction
rates decrease with the increase of
dextran size: decreases of about 2-, 5-, and
7-fold were observed for dextrans of
15−70, 200, and 500 kDa for v0. Such data
is in qualitative agreement with ours, but
it is significantly different quantitatively.
This accounts for the variation of KM in
crowded media with respect of diluted
solution:

this

makes

the

difference

between v0 in diluted solution and in
crowded media to vary significantly at
different regions of the Michaelis-Menten
plot (that is at different initial substrate
concentrations), which is not considered

Figure 8 – v0 versus substrate concentration plots for the

in their work.

hydrolysis of PNPP catalyzed by alkaline phosphatase in
dextran crowded media with different dextran sizes (A)
Mw = 150 kDa; (B) Mw = 275 kDa; (C) Mw = 410 kDa. For
each panel, the four different curves correspond to
different dextran concentrations: 0 mg/mL (solid squares),
25 mg/mL (open circles), 50 mg/mL (solid up-triangles),
and 100 mg/mL (open down-triangles)

2

Ficolls are neutral polysaccharides which are also well-established as crowding agents.

18

Diluted
Solution
D150

D275

D410

Dextran
concentration
(mg/mL)

𝑽𝐦𝐚𝐱
(mM/s)

𝑲𝐦 (mM)

r2

-

0.24 ± 0.01

0.34 ± 0.05

0.9660

25

0.29 ± 0.08

0.6 ± 0.3

0.9034

50

0.6 ± 0.3

2.0 ± 1.0

0.9612

100

0.18 ± 0.03

0.4 ± 0.1

0.96453

25

0.26 ± 0.06

1.2 ± 0.4

0.9806

50

0.21 ± 0.05

0.6 ± 0.2

0.9336

100

0.4 ± 0.2

1.5 ± 1.0

0.9471

25

0.4 ± 0.2

0.9 ± 0.7

0.8694

50

0.12 ± 0.03

0.3± 0.2

0.8595

100

0.23 ± 0.07

0.9 ± 0.5

0.9364

Table 5 – Vmax and KM values for diluted solution and in presence of all dextran sizes and concentrations for ALKP
kinetics, obtained from Figure 8 non-linear fittings.

As seen in the data presented in Table 5, standard error in the data is still too large to
draw conclusions regarding the kinetics of this enzyme and more experiments in crowded
media need to be performed, in order to obtain a significance similar to what we have in
diluted solution. For this reason, Vmax/KM data is not shown. However, qualitatively, the
kinetics of ALKP in crowded media also seems to depend both on excluded volume and
on obstacle size.
More experiments in crowded media are currently being performed with this enzyme, not
only by conventional spectroscopic methods, but also using stopped-flow and isothermal
titration calorimetry (ITC) methods.

19

5. Discussion
For ALKP and LDH enzymatic systems a dependence on both excluded volume and
obstacle size has been found. Bigger dextrans at high concentrations show a more
significant effect in both cases.
The results obtained for ALKP and LDH reaction systems are in contrast with previous
results obtained by the research group with the enzymatic systems of α-chymotrypsin
and horseradish peroxidase (HRP) [13,14]. For these two enzymes, and for many others
found throughout literature [5, 20-23] this behavior is not found: only excluded volume,
and not crowding agent size, has a relevant effect on the kinetics of the studied reactions.
However, as mentioned in ALKP results section, another study by Homchaudhuri et al.
[19] already insinuated that crowding agent size could play a role in modulating the
kinetic behavior of this enzyme. Still, their study does not explore the full range of
substrate concentrations, but instead they only show v0 for a single substrate
concentration. Therefore, it does not allow to obtain kinetic parameters Vmax and KM.
Our results with ALKP are in agreement with theirs in terms of obtaining that the
crowding agent is affecting the kinetics when varying both dextran size and
concentration, but we also obtained values for Vmax and KM. This dependence on both size
and concentration is even clearer for LDH kinetics, which had not been studied in crowded
media in terms of obstacle size and concentration.
The most substantial difference between these two enzymes, ALKP and LDH, and the
previously studied ones, α-chymotrypsin and HRP, is the size of the enzyme with respect
to the crowding agents used, as depicted in Figure 9. ALKP (104 kDa) and LDH (140 kDa)
are much bigger than HRP (42 kDa) and α-chymotrypsin (25 kDa).
In bigger enzymes crowding must acquire a central role, since excluded volume causes
enzyme and substrate to come across less often, since larger enzymes do not fit in certain
holes in which smaller enzymes do.
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Figure 9 – Schematic representation of the molecular weight of dextrans
and the four proteins compared in this study.

In particular for LDH kinetics, we found that for dextrans which are bigger than or as big
as the enzyme, Vmax and KM decrease in a size-dependent manner. For obstacles which are
smaller than the enzyme, we find that this effect must be partially offset, since the
decrease is less significant for Vmax and negligible for KM. This could be ascribed to a certain
cage effect causing an enhancement of enzyme activity.
If we take into account this definition for Vmax: Vmax = k2[E]T, being k2 = kcat, two main
reasons can be accounted for variations either positive or negative in the values of Vmax: if
kcat remains invariable, a Vmax increase would be found as a result of an increased effective
enzyme concentration, due to the volume excluded by dextran obstacles [5,20-25].
However kcat could vary in crowded media due to conformational changes of the catalytic
center or due to a decrease in E-S encounters, provided that enzyme and the obstacles are
similar in size. It is unlikely that kcat variations could be ascribed to conformational
changes since dextrans are compact random coils unable to affect inner cavities of the
enzyme, which are protected from the bulk solution [16]. Thus, the most feasible
explanation for a Vmax decrease in our case is a reduction in E-S encounters, when
obstacles are similar or bigger in size to the enzyme. Smaller obstacles cannot hinder in a
similar way E-S encounters and only a small Vmax reduction is found.
Regarding KM, defined as 𝐾𝑀 =

𝑘2 + 𝑘−1
𝑘1

, we may have also different situations depending

if the reaction is activation or diffusion-controlled. We have that under a diffusion control
regime, the bimolecular constant k1 decreases with crowding, having a lesser number of
E-S encounters due to limited or even anomalous diffusion, which leads to an increased
𝐾𝑀 . This situation has been reported in several studies [13,26,27] but the opposite
situation, a 𝐾𝑀 decrease, has also been reported, usually accompanied by a kcat variation.
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In these second situation, the authors have excluded the possibility of diffusion control
and k1 variation [25], because diffusion cannot be increased due to crowding and thus a
𝐾𝑀 decrease cannot be accounted for a k1 increase with respect of diluted solution because
the media becomes more dense and viscous and diffusion resistance increases.
A 𝐾𝑀 decrease in crowded media may arise from the non-ideality of the solution in
presence of obstacles which make activity coefficients of all species in solutions to differ
from unity and thus, modifies chemical activity of all species in the sample. Some sources
even report an increase in the ratio of activity coefficients between E and ES in crowded
media [9,28].
In our case, we have found two distinct regions: a region where KM is almost constant and
Vmax slightly decreases, which can be ascribed to a diffusion control. This region
corresponds to dextrans smaller than the enzyme and at low dextran concentrations. On
contrast, we have a region in which KM and Vmax decrease significantly. This cannot be
attributed to any of the two limiting regimes, activation or diffusion, as it does not fit any
of the descriptions above. Thus, these results can only be explained if we propose a mixed
activation-diffusion control for this reaction in crowded media.
Regarding LDH-PK coupled reactions, dextrans do not affect significantly the kinetics of
these two coupled reactions. Only a slight Vmax increase with excluded volume can be
found from the data in Table 4, which can be directly attributed to an enhanced enzyme
concentration. The fitting to Michaelis-Menten equation can be ascribed completely to PK,
since this reaction is three orders of magnitude slower than LDH reaction. Therefore, the
effects found in LDH kinetics cannot be appreciated when it is coupled to PK reaction,
since it is a totally different timescale. In this case, LDH merely acts as a detection system,
as from all the reagents and products of the two reactions, NADH is the only compound
that can be followed by spectroscopic methods.
Since the reaction is slow, diffusion is not a limiting factor governing the kinetics of this
enzyme. Activation control must be the limiting factor, but the presence of dextrans as
obstacles is only affecting the system by causing effective enzyme concentration to be
higher, as excluded volume increases and thus not modifying kcat.
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6. Conclusions
Three representative enzyme-catalyzed reactions, LDH, PK and ALKP, have been studied
by spectroscopic methods in dextran crowded media.
For LDH kinetics, it has been found that the kinetic parameters are dependent both on
size and concentration of crowding agent. The effect in KM changes from negligible to a
clear decrease and in Vmax from a slight to a strong decrease when changing dextran size
from smaller to bigger than the enzyme. These results can only be explained by a mixed
activation-diffusion control of the reaction in crowded media.
For ALKP, as previously stated in a v0 study [19], we have found that the kinetics of this
enzyme is also dependent of size and concentration of the obstructive particle. However,
more experiments are needed in order to achieve an appropriate description of the
kinetics of this enzyme.
The results of these two enzyme have been compared with previous results with HRP and
α-chymotrypsin, and some other examples available throughout literature, to state
enzyme size as a key factor modulating the effect of macromolecular crowding in enzyme
kinetics, obtaining that in big enzymes, the effect of crowding is not only an excluded
volume-dependent effect, but it can be an obstacle size-dependent effect, when using
obstructive particles similar in size to the enzyme.
Finally, excluded volume is found not to have any other effect on the coupled kinetics of
LDH and PK than an enhancement of effective enzyme concentration, which is always
present when excluding volume.
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7. Future perspectives and acknowledgements
As an extension to this work, which is not
included here for technical reasons and which
will be part of my PhD thesis, more ALKP
experiments in the same conditions are being
performed both by spectroscopic methods and
by Isothermal Titration Calorimetry (ITC), in
order to have a more appropriate quantitative
significance and to ensure reproducibility with
different techniques. Figure 10 shows one
replicate of the ITC study of ALKP kinetics.
Besides,

to

ensure

the

aforementioned

hypothesis that the apparent constants obtained
for the system LDH-PK can be ascribed to PK
kinetics

only,

since

LDH

is

much

faster,

experiments by ITC, in which no chromophore

Figure 10 – Isothermal Titration Calorimetry
(ITC) kinetic measurement for the kinetics of
ALKP in the same experimental conditions
than UV-Vis data presented in this work.
Upper panel shows raw data and lower panel
shows peak integrations.

species is needed, will be performed with PK only
in the same experimental conditions.
Finally, I would like to thank Dr. Isabel Pastor, Dr. Sergio Madurga, Dr. Eudald Vilaseca,
Prof. Francesc Mas, for their warm welcome in their group and also Dr. Josep Lluís Garcés
and Prof. Marta Cascante for all the stimulating discussions around these experimental
results we have all shared, which have led to an article about LDH kinetics in crowded
media [16] and a contribution of this results in a review article about the role of enzyme
size as a modulator of enzyme kinetics in crowded media [15], and oral communications
in BAC20143 and JICI24 meetings. I would also thank Mireia Via for all the time shared in
the lab throughout this period.
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