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and András Málnási-Csizmadia*
Department of Biochemistry, Institute of Biology, Eötvös Loránd University, H-1117 Budapest, Hungary

ABSTRACT
Upon activation of trypsinogen
four peptide segments flanked by hinge glycine
residues undergo conformational changes. To test
whether the degree of conformational freedom of
hinge regions affects the rate of activation, we
introduced amino acid side chains of different
characters at one of the hinges (position 193) and
studied their effects on the rate constant of the
conformational change. This structural rearrangement leading to activation was triggered by a pHjump and monitored by intrinsic fluorescence
change in the stopped-flow apparatus. We found
that an increase in the size of the side chain at
position 193 is associated with the decrease of the
reaction rate constant. To analyze the thermodynamics of the reaction, temperature dependence of
the reaction rate constants was examined in a
wide temperature range (5–608C) using a novel
temperature-jump/stopped-flow apparatus developed in our laboratory. Our data show that the
mutations do not affect the activation energy (the
exponential term) of the reaction, but they significantly alter the preexponential term of the Arrhenius equation. The effect of solvent viscosity on
the rate constants of the conformational change
during activation of the wild type enzyme and its
R193G and R193A mutants was determined and
evaluated on the basis of Kramers’ theory. Based
on this we propose that the reaction rate of this
conformational transition is regulated by the internal molecular friction, which can be specifically
modulated by mutagenesis in the hinge region.
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INTRODUCTION
Trypsin is a prototype of the S1 family of the serine
proteases, and is synthesized in an inactive zymogen
form. Zymogens are activated by proteolytic cleavage of
the activation peptide. The a-amino group of the newly
C 2007 WILEY-LISS, INC.
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formed N terminus, Ile16 (chymotrypsinogen numbering)
forms a stabilizing salt bridge with the Asp194 side
chain carboxylate group, which triggers a conformational
change leading to the active enzyme.1–3 This structural
change affects a distinct region of the protein comprising
15% of the molecule, while 85% of the structures of the
zymogen and the active enzyme are identical (Fig. 1).
Four peptide segments undergo conformational rearrangement that involve segments 16–19, 142–152 (the
autolysis loop), 184–194, and 216–223 (these latter two
form the substrate binding pocket and the oxyanion
hole) collectively referred to as the activation domain.3
The conformational change completes formation of the
oxyanion hole comprising the amido groups of Gly193
and Ser195 and the substrate binding pocket.5,6
The conformational change upon activation can also be
triggered by a pH-jump from pH 11.0 to pH 8.07–9 and
monitored by measuring the intrinsic fluorescence of the
enzyme,10 offering an elegant experimental approach to
study the structural rearrangement. It was shown for
chymotrypsin that the rate constants measured by the
pH-jump method are in excellent agreement with the
data acquired from proflavine binding studies.10,11
Targeted molecular dynamics simulations of trypsinogen to trypsin transition showed that the largest
changes in main chain dihedral angles occur at certain
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Fig. 1. Superimposed structure of bovine trypsinogen (PDB ID:
1tgn) and human trypsin 4 (PDB ID: 1h4w) visualized using software
DeepView-spdv 3.7.4 The peptide backbone segment of human trypsin
4 whose conformation differs from the conformation of bovine trypsinogen (gray) corresponding to the activation domain is shown as a colored ribbon. The 16–19 peptide segment is shown in yellow, the 142–
152 segment is colored purple, and the 184–194 and 216–223 segments are represented by a blue and a black ribbon, respectively. The
backbone of residue 193, which goes through large dihedral angle transition in the course of activation is shown in green. Tryptophan residues
are also highlighted, Trp141, 215 and 221 that might account for the fluorescence intensity change during the conformational change are colored
red, while Trp51 and Trp237 is shown in orange (chymotrypsin numbering
system is used to identify the residues).

glycine residues among which Gly19, Gly142, Gly184,
Gly193, and Gly216 border the activation domain peptides.12 These glycine residues exhibit larger F and/or C
angle changes than the surrounding residues. This suggests that these glycines have a well-defined role in the
activation process: they act as hinges for the conformational change and the four peptide segments move as
more rigid units.10,12 The presence of glycines at conserved positions of the activation domain seems to promote the conformational transition. As a consequence,
replacement of Gly193, which is one of the hinge residues by an amino acid possessing a bulky and/or charged
side chain is supposed to have significant effect on the
rate and thermodynamics of the conformational change
upon activation. This phenomenon can be interpreted
according to Kramers’ rate theory. Position 193 is well
conserved among serine proteases: it is occupied by a
glycine residue except for rare examples. One of these
exceptional enzymes is human trypsin 4 possessing an
arginine at this position.
On the basis of recent molecular dynamics and targeted molecular dynamic simulations, the sequence of
the main substeps upon activation of bovine and rat chymotrypsinogen was deduced.13,14 In the study of Mátrai
and coworkers, the role of Gly193 in the sequence of
events was also described. The conformational changes
in the backbone of position 192 trigger the reorientation
PROTEINS: Structure, Function, and Bioinformatics

of Gly193 towards the substrate binding site and a rotation around the Ca
C bond of Asp194 of approximately
1808. As a consequence, a cavity is left behind, which is
necessary for the penetration of Ile16 into the core of the
molecule and allows formation of the salt bridge between
the a-amino group of Ile16 (the N-terminus of trypsin)
and the side chain carboxylate group of Asp194. The series of events leads to an active enzyme conformation
possessing the substrate binding pocket and oxyanion
hole necessary for efficient enzymatic activity.
The aim of this work was to study the effect of point
mutations in the hinge on the rate of the conformational
change and characterize the thermodynamics of this
structural rearrangement. We sought for an experimental system where this change in the protein conformation
is a single-step first-order transition, which is accompanied by an intrinsic signal change in the protein. The
rearrangement of the activation domain of serine proteases upon activation meets all these criteria. Human
trypsin 4 and its site 193 variants were chosen to be analyzed, as this enzyme is biochemically well characterized15–19 and its three dimensional structure has been
determined.20 We expressed wild type human trypsinogen 4 and its R193G/A/Y/F mutants and monitored their
conformational change upon activation in pH-jump
stopped-flow experiments detecting the intrinsic fluorescence change. We found that this conformational transition is affected by the mutations at position 193, and that
its rate constant decreases with the size of the sidechain.
We also studied the temperature dependence of the rate
constant of the transition in the 5–388C range with a conventional stopped-flow apparatus. Furthermore, we developed a new temperature-jump/stopped-flow setup,21 which
allowed the extension of the Arrhenius plots up to 608C.
The main advantage of this setup is that fast temperature-jump occurs simultaneously with rapid mixing of
the reactants, thus the dead time does not increase compared with a conventional stopped-flow apparatus. With
this novel temperature-jump/stopped-flow instrument
kinetics of reactions can be monitored at high temperatures, even above the denaturation temperature of the
protein if the monitored reaction steps are faster than
the generally slow heat denaturation reaction.
Thermodynamic analysis revealed that these mutants
differ only in the pre-exponential term of the Arrhenius
equation, and the activation energy is unaffected by the
mutations. The rate of the conformational transition of
the wild type enzyme and its R193G and R193A mutant
was measured in buffers of different relative viscosity, and
we found that the rate of the conformational transition is
inversely proportional to the solvent viscosity. This phenomenon is interpreted in terms of the Kramers’ theory.
On the basis of the work of Ansari et al.22 a parameter
with units of viscosity is introduced, called internal viscosity, which can be regarded as a contribution of the protein
friction to the total friction. We conclude that the rate of
conformational change during activation of trypsinogen
site 193 mutants is determined by the internal molecular
viscosity around this hinge site.
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MATERIALS AND METHODS
Mutagenesis and Expression of Human
Trypsinogen 4 Variants
Wild type human trypsinogen 4 was cloned as
described previously.20 The R193G mutant clone was
generated as reported by Tóth et al.18 The amino acid
substitutions at position 193 were generated by the megaprimer mutagenesis method using the following oligonucleotides: hTry4_R193A: 50 TCC TGC CAG GCT GAC
TCC GGT GGC 30 , hTry4_R193F: 50 TCC TGC CAG TTT
GAC TCT GGT GGC CC 30 , and hTry4_R193Y: 50 TCC
TGC CAG TAT GAC TCT GGT GGC CC 30 (Invitrogen,
Carlsbad, CA). The PCR products were ligated to pBluescript vector via TA-ligation and were sequenced. Mutant genes were subcloned into a modified pET-17b vector utilizing the HindIII and SacI cleavage sites introduced by the 30 and 50 oligonucleotides.20 Trypsinogens
were expressed, renatured15 and activated, purified and
purity was assessed18 as described previously. The
enzymes were dialyzed against 2.5 mM HCl and stored
at 208C. The concentration of the prepared enzymes
were determined by active site titration with 4-methylumbelliferyl 4-guanidinobenzoate23 (Sigma-Aldrich, St.
Louis, MO), or based on their absorbance at 280 nm
using the theoretical extinction coefficient e280 ¼
40570 M1 cm1.
Steady State Kinetic Measurements
Determination of kcat and Km
Measurements were carried out with 0.5–2 nM
enzymes on Z-Gly-Pro-Arg-pNA substrate (Sigma-Aldrich
Co., St. Louis, MO) in 50 mM Tricine (Sigma-Aldrich
Co., St. Louis, MO), 10 mM CaCl2 pH 8.0 buffer at
20.08C. Substrate stock solutions were prepared in dimethylformamide, and the final concentration of DMF in
the assays was less than 1%. Hydrolysis of the substrate
was monitored by measuring the generation of the paranitroanilin product at 405 nm using a Shimadzu UV2101PC spectrophotometer. Initial velocities were measured at six different substrate concentrations in the
range of 5–250 lM. Three parallel measurements were
carried out for each data points. The values of kcat, Km,
and kcat/Km were determined from the parameters of the
hyperbolas fitted to the initial velocities plotted against
substrate concentration.
Transient Kinetic Measurements
Stopped-flow measurements
Transients were recorded on a SF-2004 instrument
(KinTek, Austin, TX) equipped with a 450-W Hg-Xe
super-quiet lamp (Hamamatsu Photonics UK, Welwyn
Garden City, United Kingdom). Tryptophans were
excited at 297 nm with a bandwidth of 2 nm and fluorescent emission was detected with a photomultiplier set to
700 V through a 340 nm interference filter (Comar
Instruments, Cambridge, United Kingdom). The dead
time of the stopped-flow apparatus is 1 ms. The applied

flow rate was 12 mL/sec and 40 lL shot volumes were
mixed at 1:1 ratio. 1–4 lM enzymes in 20 mM CABS
(Sigma-Aldrich, St. Louis, MO), 10 mM CaCl2 pH 11.0
were mixed with 100 mM Tricine, 10 mM CaCl2 pH 8.0
and the fluorescence emission intensity increase was
monitored. The rate of the conformational change was
measured with this setup in the 5–388C temperature
range in 38C increments. The pHs of the buffers were
adjusted at room temperature to different pH values to
give the final value pH 8.0  0.1 pH (and pH 11.0  0.1)
at the different experimental temperatures.
Temperature-jump/stopped-flow experiments
Measurements were carried out on a temperaturejump/stopped-flow instrument developed in our laboratory.21 The enzyme was kept at 208C until mixing with
the pH 8.0 buffer, which flows through a heated loop.
The temperature of the cuvette is also controlled by
another heating element (Supertech, Pécs, Hungary) to
ensure that the temperature of the mixture and the
reaction chamber is equal. Twenty microliter enzyme in
20 mM CABS, 10 mM CaCl2 pH 11.0 was mixed with
100 lL 100 mM Tricine, 10 mM CaCl2 pH 8.0 and the
fluorescent emission change was detected. The pHs of
the buffers were adjusted at room temperature to yield
the final value at the different experimental temperatures as described above. The 1:5 mixing ratio enables a
greater temperature-jump and at the same time allows
keeping the enzyme at non-denaturing temperatures
until the reaction. Throughout the applied temperature
range both the loop and the cuvette were overheated
compared with the theoretical formula (1 3 208C þ 5 3
Tloop)/6 ¼ Tcuvette to compensate for the heat-loss of the
system. Temperature calibration of the setup was performed by measuring the fluorescence intensity of NATA
(Sigma-Aldrich, St. Louis, MO) at different temperatures generated with the temperature-jump/stopped-flow
method21 taking advantage of the temperature dependence of fluorescence.24 Briefly, NATA was loaded into the
cold syringe and rapidly mixed with hot buffer pushed
through the heating loop inserted between the other syringe and the mixing chamber. Change in fluorescence
intensity of NATA in the cuvette indicated that the temperature of the reaction mixture and the cuvette were
not identical right after mixing and temperature reequilibration occurred in the cuvette. Fluorescence intensity
decrease indicates that the reaction mixture was colder
than the cuvette and the solution warmed up in the cuvette and vice versa. Temperature of the heating loop and
the cuvette was adjusted so that the fluorescence intensity of NATA did not change after mixing which indicates that the temperature of the mixture was equal to
the temperature of the cuvette.
Determination of dependence of the rate
constants on the relative external viscosity
Stopped-flow measurements were carried out at 20.08C
using buffers 10 mM CABS, 5 mM CaCl2, pH 11.0 and
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50 mM Tricine, 5 mM CaCl2, pH 8.0 supplemented with
viscogen to yield different relative viscosities. Maltose
(Sigma-Aldrich, St. Louis, MO) was applied as a viscogen
in the concentration range of 0–1.46 M resulting in relative viscosities of 1–8.18.25 Maltose increases the relative
viscosity to the greatest extent while reducing the dielectric constant of the solvent the least as compared with
other frequently used viscogens, eg fructose26 and ethylene glycol.25 The concentration of the buffers was
reduced compared with the other measurements as ionic
strength influences the viscosity. Other experimental settings were the same as described in the Stopped-Flow
Measurements section.

ternal viscosity. C includes the viscosity independent parameters. The solvent friction, according to Stokes’ law,
is proportional to the solvent viscosity. On the basis of
this analogy, the internal molecular friction can also be
referred to as the internal viscosity of the protein, and
this viscosity-like parameter has units of viscosity. Still,
this is not to be considered as a general parameter of the
protein, but it is coupled to a specific conformational
transition in the molecule.
Assuming that the activation energy does not depend
on the viscosity at constant temperature, modification of
Eq. (2) results in:
k¼

Kinetic and Thermodynamic Analysis
5–8 recorded transient traces were averaged and analyzed by fitting to single or double exponential functions
using the KinTek software (KinTek, Austin, TX) and OriginLab v7.5 (OriginLab, Northampton, MA). Thermodynamic profiles were analyzed by fitting exponential functions following y ¼ a expðb=xÞ to the plots of the observed
rate constants (k) versus temperature (T). The parameters of the fitted function can be directly corresponded to
the parameters of the Arrhenius equation without linearization (y ¼ k, a ¼ A, b ¼ Ea/R, x ¼ T).
Temperature dependence of a reaction rate constant is
described by the Arrhenius equation27:
k ¼ A expðEa =RTÞ

ð1Þ

where k is the rate constant, A is the preexponential
term, Ea stands for the activation energy of the process,
R is the gas constant and T is the absolute temperature.
Kramers’ theory is a conventional theoretical approach
to describe the effect of friction on the rate constants of
unimolecular reactions in the condensed phase.28 In this
model the chemical reaction is modeled by a particle
with a diffusive one-dimensional motion from a potential
well over a barrier. On the basis of Kramers’ rate theory,
the preexponential term of the Arrhenius equation contains a friction parameter, which is determined dominantly by viscosity and the rate constant is inversely
proportional to this friction.
Ansari et al.22 modified this approach for proteins by
separating the friction into two sources of friction
because only a part of the protein interacts with the solvent molecules. One of these terms is the friction of the
solvent (external friction) restraining the motion of the
atoms on the surface of the protein and the other term is
the internal friction of the protein hindering the motion
of the protein atoms relative to each other. The following
equation was stated to describe this model:
k¼

C
expðEa =RTÞ
rþh

ð2Þ

where h is the external (solvent) viscosity and r is a parameter with units of viscosity that determines the internal friction of the protein, henceforth referred to as inPROTEINS: Structure, Function, and Bioinformatics

C0
rþh

ð3Þ

where C0 includes C expðEa =RTÞ. The linearized form
of Eq. (3) will then be the following:
1
h
r
¼ þ
k C0 C0

ð4Þ

As a consequence, plotting 1/k against the external viscosity gives a linear function, and internal viscosity of
the protein can be deduced from its intercept multiplied
by the reciprocal of the slope. In other words, at constant
temperature [Eq. (4)], the internal viscosity can be calculated by the extrapolation of the rate constant to zero
external viscosity (h ¼ 0 cP):
r¼

C0
h
k

ð5Þ

Thus by measuring the rate of the conformational
change as a function of the relative viscosity of the reaction buffer, the internal viscosity of a protein can be
determined.
RESULTS
Enzymatic Activity of Human Trypsin 4 and
Its Mutants at Position 193
The experiments described here utilize human trypsin
4 and its variants in which arginine 193 was substituted
with a glycine, alanine, phenylalanine or a tyrosine residue. To test whether the enzymatic activity of these variants is affected by the mutations, their catalytic activity
of amide bond hydrolysis was measured on Z-Gly-ProArg-pNA substrate. The determined values for the
Michaelis-Menten parameters are summarized in Table
I. Our data show that the mutations caused only slight
changes in the kcat and Km values. The greatest change
in the Km is within 50% and for the kcat value it does not
exceed 30%. The kcat value increases upon replacement
of the glycine with a more bulky residue, and the degree
of this increase correlates with the size of the sidechain.
The same observation holds also for the Km value. The
greatest change in the kcat/Km value upon these amino
acid substitutions is 30%, thus these site 193 variants
can all be considered as active enzymes. These results
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TABLE I. Hydrolysis of Z-Gly-Pro-Arg-pNA Amide
Substrate by Wild-Type Human Trypsin 4 and its
Mutants at Position 193
kcat (s1)
R193G
R193A
WT
R193F
R193Y

110
124
158
162
133







10
4
8
5
6

Km (lM)
13.5
19.8
25.2
27.4
21.3







kcat/Km (s1 lM1)

2.5
3.2
0.6
6.7
6.1

8.17
6.23
6.27
5.90
6.21







1.68
1.02
0.36
1.45
1.80

Assays were performed in 50 mM Tricine, 10 mM CaCl2 pH 8.0 at
20.08C as described under Materials and Methods. The values of the
Michaelis–Menten parameters represent the mean  SEM of three
measurements. Errors of kcat/Kms were calculated taking the propagation of error into account.

indicate that both substrate binding and catalysis of hydrolysis of Z-Gly-Pro-Arg-pNA are only moderately
affected by these mutations.
Kinetic and Thermodynamic Analysis
of the Conformational Change During
pH-Jump Activation
The rate of the conformational rearrangement in the
course of activation was measured by monitoring the
intrinsic fluorescent intensity change of the proteins in
pH-jump stopped-flow experiments. In these experiments
one of the syringes of the stopped-flow contained the
enzyme in a buffer with a relatively low buffer capacity at
pH 11 and the other syringe contained a buffer with high
buffer capacity at pH 8.0. The pH of the solution after mixing was 8.0  0.1. This pH-jump initiated the structural
rearrangement reaction which was monitored by the tryptophan fluorescence change. Our data show that the rates
of the conformational change are affected by the mutations
at position 193. The rate constants at 20.08C for the site
193 variants are as follows: kR193G ¼ 1.66 s1, kR193A ¼
0.20 s1, kWT ¼ 0.077 s1, kR193Y ¼ 0.13 s1, kR193F ¼
0.090 s1. We note that burst phases were detected for wild
type human trypsin 4, the R193Y, and the R193F mutants
with amplitudes between 11–16% of the total fluorescence
change and rate constants 7–17 times larger than that of
the analyzed dominant phases.
Furthermore, to investigate the thermodynamics of the
conformational change during activation, temperature dependence of the rate constants was measured. Thermodynamic parameters for the conformational change were
derived from the non-linearized Arrhenius plots (k plotted
against T) and are summarized in Table II. The Arrhenius
plots (ln k plotted against 1/T) were linear in the temperature range of 5–458C (Fig. 2). Eyring plots were also fitted
to the data, in which the preexponential factor is temperature dependent and the statistical significance (v2) of the
fitting did not change significantly. In addition, no significant differences were found in the reliability of fitting
when the Kramers’ equation corrected with the temperature dependence of the viscosity of water was fitted to the
data. Our most important finding is that the Arrhenius
plots are parallel for the site 193 variants of human tryp-
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sin 4. It indicates that the activation energy (Ea) of the
conformational transition is not affected by the amino acid
substitutions. Thus exponents ‘‘b’’ of the fitted exponential
functions (slope of the linearized Arrhenius plots) are
practically the same (Fig. 2, Table II). The largest difference in the activation energies was found between wild
type and the R193F mutant human trypsin 4 amounting
to 4%. The activation energies of the rest of the mutants
differed only by 0.8%–2%. In contrast, the intercepts of
the linearized Arrhenius plots for these enzyme variants
differ significantly, suggesting that these mutations selectively alter the preexponential term of the Arrhenius
equation. The greatest difference in the preexponential
terms is 26-fold found for the R193G and R193F mutants
(Table II).
By developing a novel temperature-jump/stopped-flow
setup, we were able to extend the Arrhenius plots up to
608C. Deviations from the linear function could be
observed above 458C which indicate another reaction
step. It has to be noted, however, that denaturation happens on the ten sec time scale at 45–608C, which could
be detected by the decline of the fluorescence intensity
while the activation process is more than an order of
magnitude faster at these temperatures.
To investigate the effects of these mutations on the
preexponential term in more detail, we also performed
experiments in which the relative viscosity of the buffers
was varied. The question was if the rate constant of a
conformational change decreases as the solvent viscosity
is increased as predicted by the Kramers’ theory. To answer this question pH-jump stopped-flow measurements
were carried out on the wild type enzyme and its R193G
and R193A mutants in buffers of different relative viscosity from 1 to 8.18 at 208C. The increased solvent viscosity caused dramatic effect on the rate constants of the
pH-jump induced conformational change of the examined
mutants (Fig. 3): at relative external viscosity of 2 the
rate constants decreased by 45% for the R193G variant,
by 36% for the R193A mutant and by 27% for the wild
type enzyme. We found hyperbolic relations between the
observed rate constants and the external viscosity for
the studied mutants which confirm the validity of
Kramers’ theory applied to this conformational change
between two structurally definite conformers. Since the
fluorescence change accompanying the conformational
transition was relatively slow in the case of wild type
enzyme and at high maltose concentrations a slow signal
decrease masked the increasing signal, the highest
applied relative external viscosity was 2.2 in case of this
enzyme. Reciprocal values of the rate constants were
plotted against the relative external solvent viscosity
and linear functions were fitted to the data (Fig. 4). The
parameters of the fitted linear functions and internal
viscosities, calculated according to Eq. (5), are presented
in Table III. Our data show that the relative internal
viscosity of the R193A mutant is 3-fold greater compared
with the R193G mutant, the relative internal viscosity of
the arginine possessing counterpart is 6-fold greater relative to the glycine mutant and is 2-fold greater than
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TABLE II. Thermodynamic Parameters Derived From the Nonlinearized Arrhenius Plots
of Wild-Type Human Trypsin 4 and its Mutants at Position 193

b*
Ea (kJ mol1)
a* ¼ A

R193G

R193A

WT

R193F

R193Y

(10.4  0.4) 3103
86.5  3.4
3.95 3 1015

(10.7  0.2) 3 103
88.7  1.6
1.12 3 1015

(10.8  0.3) 3 103
89.5  2.4
6.50 3 1014

(10.3  0.2) 3 103
85.7  1.9
1.49 3 1014

(10.5  0.3) 3 103
87.2  2.7
4.40 3 1014

The rate of the conformational change during pH-jump activation was measured in a wide temperature range with a stopped-flow apparatus
monitoring the intrinsic fluorescent emission change of the proteins. Experimental conditions were as described under Materials and Methods. Rate constants were plotted against temperature, and the exponential function following y ¼ a expðb=xÞ was fitted to the data. Thermodynamic parameters were derived from the parameters ‘‘a’’ and ‘‘b’’ of the fitted functions as described under Materials and Methods. Values
represent the mean and  SEM of the parameters for the fitted exponential functions.

Fig. 2. Arrhenius plots (ln k plotted against 1/T) for the rate constants of the conformational change during activation for wild type
human trypsin 4 (~) and its site 193 variants R193G (n and &),
R193A (l and (*), R193F (!) and R193Y (^). The conformational change was triggered by a pH-jump and its rate constant was
measured using a stopped-flow and a temperature-jump/stopped-flow
apparatus monitoring the fluorescent emission change. The rate of
the conformational change was measured with a conventional setup in
the 5–388C temperature range in 38C increments (closed marks). In the
34–608C temperature range a novel temperature-jump/stopped-flow
equipment developed in our laboratory was applied to extend the Arrhenius plots of R193G and R193A variants (open marks). Experimental
conditions were as described in Materials and Methods. Thermodynamic parameters were determined from the parameters of the fitted
exponential functions following y ¼ a exp (b/x) as described under
Materials and Methods.

that of the alanine mutant (rR193G ¼ 0.27, rR193A ¼
0.81, rWT ¼ 1.67). These data clearly suggest that a
bulkier amino acid at the hinge region locally increases
the internal molecular viscosity in the protein resulting
in an increase of the steric hindrance for a specific conformational change.
DISCUSSION
The major goal of our work was to determine if the
rate and thermodynamics of the conformational change
during pH-jump induced activation of trypsin is affected
by the character of the residue at one of the hinge positions. We therefore investigated the temperature and
viscosity dependence of the conformational change durPROTEINS: Structure, Function, and Bioinformatics

Fig. 3. Stopped-flow records on exposing human trypsin 4 R193G (A)
and R193A mutant (B) to a pH-jump from pH 11.0 to pH 8.0 in buffers of different relative viscosity. Both buffers were supplemented with a given concentration of maltose to yield different relative external viscosities. Experimental
conditions are described in Materials and Methods. The fluorescent emission
change was monitored, and single exponentials were fit to the recorded traces.
The rate constant of the conformational transition decreased as the solvent viscosity was increased by the viscogen. The observed rate constants for the presented traces are the following: kR193G rel visc ¼ 1 ¼ 1.65 s1, kR193G rel visc ¼ 4.4 ¼
0.39 s1, kR193A rel visc ¼ 1 ¼ 0.22 s1, and kR193A rel visc ¼ 2.2 ¼ 0.095 s1.

ing activation in human trypsin 4 and its R193G/A/F/Y
mutants in pH-jump stopped-flow experiments. These
amino acids at position 193 allowed different degree of
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TABLE III. Relative Internal Viscosity of Wild Type
Human Trypsin 4 and its R193G and R193A Mutant
Derived From the Viscosity Dependence of the
Reaction Rate of the Conformational Change
During Activation
R193G

R193A

WT

Slope
0.575  0.05
3.07  0.25
8.13  1.09
Intercept
0.156  0.187 2.48  0.67 13.56  1.67
Relative internal
0.27
0.81
1.67
viscosity

Fig. 4. Dependence of the rate constants of the conformational
change during activation on the external viscosity for the wild type
human trypsin 4 (~) and its R193A (n) and R193G (l) mutants.
Stopped-flow measurements were carried out at 20.0 8C using buffers
supplemented with 0–1.46M maltose as viscogen to yield different relative viscosities from 1 to 8.18 as described in ‘‘Materials and methods’’.
The rate constants presented are the averages of three independent
data sets each originating from 8–12 recorded transients for each mutant. 1/k was plotted against the relative external viscosity and linear
functions were fitted to the measured data. Relative internal viscosities
were calculated from the intercept and slope of the linear fits according
to Eq. (4).

freedom for the hinge around which the conformational
rearrangement occurs.
Human trypsin 4 possesses 5 tryptophan residues:
Trp221 is part of segment 216–223, while Trp141 and
Trp215 are located in the close vicinity of peptide segments 142–152 and 216–223 that are involved in the
conformational transition of activation. These native
tryptophans are appropriate probes to monitor the structural rearrangement induced by the pH-jump activation,
as their fluorescence intensity increases significantly
during this process. The tryptophan-based detection
method has several advances compared with ligand-binding assays (e.g. proflavine binding): this reaction follows
first order kinetics, intrinsic fluorescence detection gives
a direct read-out, and it even has greater sensitivity
thus requiring less protein.
Trypsin undergoes a reversible conformational change
during pH-jump from an inactive zymogen-like structure
at pH 11.0 to the active conformation at pH 8.0. Therefore,
the observed rate constant measured by monitoring the
intrinsic fluorescence change of the protein is the sum of
the forward and reverse rate constant for the reaction. The
equilibria at pH 8.0 is highly shifted towards the forward
direction as it was shown for rat trypsin,29 thus the contribution of the reverse rate constant to the observed rate
constant is negligible. As a consequence, the transition is
practically irreversible, and the observed rate constant can
be considered as the forward rate constant for the process.
Activation domain peptides are bordered by glycine
residues (Gly19, Gly142, Gly184, Gly193 and Gly216)

Rates of the conformational change during activation were measured in pH-jump stopped flow experiments applying buffers of different viscosity from 1 to 8.18. Experimental conditions were as
described under Materials and Methods. 1/ks were plotted against
the relative external viscosity and linear functions were fitted to the
data. The internal viscosity of the proteins was calculated according
to Eq. 4. Values for the intercepts and slopes represent the mean
and standard deviation of the fitted linear functions. The viscosity
dependence of the reaction rate constants were measured at 20.08C.
As the viscosity of water is 1 cP at 20.08C, the value of the calculated internal viscosity in cP is the same as the relative value.

which act as hinges in the process of activation indicated
by the large F and/or C dihedral angle transitions that
occur at these positions.12 The values for the peptide
backbone dihedral angles at Gly193 are F ¼ 148.78 and
C ¼ 18.18 in bovine trypsinogen (PDB ID: 1tgb), while in
bovine trypsin (PDB ID: 2 ptn) these values change to F
¼ 105.48 and C ¼ 19.18. The atomic structure of
human trypsin 4 complexed with benzamidine has been
resolved and it was shown that in spite of the G193R
mutation, the overall fold of the molecule is highly similar to that of human trypsin 1 having a glycine at this
position.20 The effect of the G193A mutation was studied
in thrombin, and based on the atomic structure of this
mutant neither did this mutation cause structural perturbation in the overall conformation of the peptide
backbone, only slight changes were detected at the site
of mutation.30 Similarly, in computer modeling studies of
G193E (G555E) mutant FactorXI no significant conformational changes were found in the peptide backbone.31
These data suggest that substitution of glycine193 with
an amino acid having a bulkier side chain does not perturb significantly the overall fold of the molecule.
Although there is only a slight structural change in the
peptide backbone conformation, we supposed that some
other dynamics-related physical parameter to be characterized might affect the rate of conformational change
during activation in trypsin site 193 variants.
In the presented study we mutated R193 of human
trypsin 4 to glycine, alanine, phenylalanine and tyrosine.
These mutations did not cause large perturbation in the
steady state enzyme kinetic values on Z-Gly-Pro-ArgpNA substrate (Table I). Besides from being one of the
hinge residues during the activation, residue 193 has an
important role in substrate binding and enzyme catalysis. The amido group of residue at position 193 is part of
the oxyanion hole which stabilizes the developing tetrahedral intermediates during catalysis,32,33 thus the sub-

PROTEINS: Structure, Function, and Bioinformatics

DOI 10.1002/prot

1126

J. TÓTH ET AL.

stitution of Gly193 slightly influences the kcat value.
These results suggest that the substrate binding pocket
and the geometry of the oxyanion hole are not perturbed
significantly by these mutations. Our results are confirmed by previous studies showing that the Gly193Arg
point mutation only slightly changes the steady-state activity of the enzyme on small synthetic substrates.16,19
The rate of the conformational transition during pHjump induced activation of wild type and R193G/A/F/Y
mutant human trypsin 4 was measured by monitoring
the intrinsic fluorescent intensity change of the proteins
in stopped-flow experiments. The rates of the conformational change are influenced by the mutations at position
193, and the values correlate with the size of the sidechain. The temperature dependences of the rate of pH
induced activation were also determined. Strikingly, we
found that the Arrhenius plots of the reactions were parallel for all of the mutants. This phenomenon was investigated in a wide temperature range (between 58C and
608C) applying a new stopped-flow equipment called
temperature-jump/stopped-flow developed in our lab.21
The wide temperature range allowed us to improve the
reliability that the Arrhenius plots are parallels. These
results suggest that activation energies are identical and
the thermodynamic parameters for these trypsin
mutants differ only in the preexponential term. Further
important observation is that the larger the size of the
substituted amino acid side chains at position 193 the
smaller the value of the preexponential term. This aspect of the results indicates that restricting the conformational freedom of the hinge affects the preexponential
term and not the activation energy.
Eyring–Polányi transition state theory is a general
model and it is adequate only for the description of temperature dependence of reactions in the gas phase. Biomolecular reactions take place in the condensed phase
and have complex multidimensional potential energy
surfaces,34 therefore it is required to introduce a transmission coefficient to the preexponential term of the generalized transition state theory (reviewed by GarciaViloca et al.35). Kramers’ theory is an appropriate and
relatively simple approach for the description of reactions of complex molecules in the condensed phase.36 As
stated in the work of Frauenfelder and coworkers, if the
reaction rate depends strongly on solvent viscosity, data
can be assessed using Kramers’ theory. In the work of
Beece et al. the ligand binding of protoheme and myoglobin was studied in solvents in which the viscosity was
varied over a wide range postulating that the solvent
affects the protein reaction predominantly through solvent viscosity.37 This experimental approach is in agreement with the idea that barriers governing the transition between two states in a protein have dynamic origins. The transition state theory is valid only in a
limited region of solvent viscosity, below 1 mP, thus the
application of this theory to reactions even in aqueous
solutions is uncertain, and rather Kramers’ theory is
appropriate. The phenomenon described in our paper,
that the rate constant of a reaction is inversely proporPROTEINS: Structure, Function, and Bioinformatics

tional to the solvent viscosity is consistent with Kramers’
theory.
To analyze the effect of the preexponential term on the
rate of the structural rearrangement in detail, we examined whether the rate of the conformational transition is
affected by the viscosity of the solvent. Kramers’ equation predicts a hyperbolic dependence of the rate constants on solvent viscosity [Eq. (4)]. We measured the
rate of the conformational change in buffers of different
relative viscosity using maltose as a viscogen. Our data
clearly show that the rate constant depends on the viscosity of the solvent (Fig. 3), even at relatively low viscogen concentrations where the perturbation of protein
stability and charged-charged interactions by the
slightly decreased dielectric constant of the solvent were
insignificant. There are several other reports on the viscosity dependence of the rate of diverse protein reactions
showing that the rate decrease upon addition of small
molecular weight viscous cosolvents (eg glycerol, ethylene glycol, sucrose) is due to the increased solvent viscosity and not the result of either a change in the dielectric constant or ionic strength of the reaction buffer, the
alteration of osmotic pressure, a change in the hydration
of charged groups or chemical-potential change arising
from the solvent-cosolvent interaction,37–39 especially at
low concentrations of viscogen as we applied. Furthermore, we found that the relation is hyperbolic, thus 1/k
plotted against the relative external viscosity yields a
linear function (Fig. 4) which strongly indicates that
Kramers’ theory is an appropriate framework for the
description of rates of enzyme conformational transitions
under native conditions.
On the basis of the work of Ansari et al. [Eq. (2)],22
the internal viscosity of a protein can be calculated by
determining the dependence of the rate constant on the
external viscosity and extrapolating to zero external viscosity [Eq. (5)]. We determined the viscosity dependence
of the rate constant using the wild type enzyme and its
R193G and R193A mutant and linear functions were fitted to the plot of 1/k versus relative external viscosity.
We found that both the slope and intercept of these linear functions are different in these mutants (Fig. 4). The
calculated internal viscosity of the alanine mutant is
increased threefold as compared with the glycine mutant, and this parameter of the wild type enzyme is
increased twofold relative to the alanine mutant and 6fold compared with the glycine possessing counterpart
(Table III). We conclude that the bulkier sidechain of alanine allows less conformational freedom for the peptide
backbone in the conformational transition as compared
with glycine which can be revealed as an increase in a
viscosity-like parameter defined as internal viscosity.
It is also interesting, that this viscosity-like parameter
is around the viscosity of water at 20.08C which indicates relatively low restriction by the hinge region.
Ansari et al. determined the value of r to be 4.1 cP in
myoglobin related to the conformational change after
ligand dissociation.22 This parameter is larger than what
we found in trypsin during its conformational change of
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activation. The relatively ordered water molecules in the
heme pocket of myoglobin may play an important role in
the studied reaction which may increase the value of internal viscosity. Nevertheless, it has to be emphasized
that internal viscosity is not a general parameter of the
protein but it is associated with a specific conformational
rearrangement.
In summary, our results illustrate that a specific conformational rearrangement of an enzyme is a Kramers’
type reaction under native conditions. Furthermore, our
data show that internal viscosity can be modified specifically by mutations, in this way modulating the mobility
of the hinge around which the structural change occurs.
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