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ABSTRACT A qualitative evaluation of electro-
static features of the substrate binding region of
seven isoenzymes of trypsin has been performed by
using the continuum electrostatic model for the
solution of the Poisson-Boltzmann equation. The
sources of the electrostatic differences among the
trypsins have been sought by comparative calcula-
tions on selective charges: all charges, conserved
charges, partial charges, unique cold trypsin
charges, and a number of charge mutations. As
expected, most of the negative potential at the S1

region of all trypsins is generated from Asp189, but
the potential varies significantly among the seven
trypsin isoenzymes. The three cold active enzymes
included in this study possess a notably lower poten-
tial at and around the S1-pocket compared with the
warm active counterparts; this finding may be the
main contribution to the increased binding affinity.
The source of the differences are nonconserved
charged residues outside the specificity pocket, pro-
ducing electric fields at the S1-pocket that are differ-
ent in both sign and magnitude. The surface charges
of the mesophilic trypsins generally induce the S1

pocket positively, whereas surface charges of the
cold trypsins produce a negative electric field of this
region. Calculations on mutants, where charged
amino acids were substituted between the trypsins,
showed that mutations in Loop2 (residues 221B and
224) and residue 175, in particular, were responsible
for the low potential of the cold enzymes. Proteins
2000;40:207–217. © 2000 Wiley-Liss, Inc.
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INTRODUCTION

Psychrophilic (cold-adapted) enzymes have adapted to
cold environments by possessing a high catalytic efficiency
(kcat/Km-ratio) at all temperatures, compared with their
mesophilic counterparts. The source of the increased effi-
ciency does, however, seem to vary between enzyme sys-
tems (for a review, see Ref. 1). For example, the a-amylase
from an Antarctic bacteria (A. haloplanctis) possesses an
approximately 4- to 7-fold increase in the turnover number
compared with the porcine counterpart, whereas the
Michaelis-Menten constant is virtually unchanged.2 In
contrast, the increased efficiency of some trypsins and

other pancreatic serine proteinases from cold-adapted fish
species seems to arise from a combination of reduced Km

and increased kcat.
3 The 20- to 40-fold increase in catalytic

efficiency of the anionic form of trypsin (AST) from Atlan-
tic salmon, compared with mammalian trypsins, is due to
a 2–5 times higher kcat in the temperature range 4–37°C
combined with a 10-fold reduction of Km at all tempera-
tures.4 The anionic form of salmon trypsin has also been
found to be less thermostable and nonresistant to changes
in pH relative to the mesophilic trypsins. Similarly, Asgeirs-
son et al.5 and Genicot et al.6 have determined reactivities
and stabilities of cod trypsin (CT1), Gadus morhua, and
Antarctic fish trypsin (AFT), Paranotothenia magellanica,
respectively, and found them catalytically more efficient
and less thermostable than their mammalian counter-
parts. A cationic salmon trypsin (CST), however, re-
sembles the mammalian trypsins in activity and stability
and thus cannot be characterized as psychrophilic.

The increased binding affinity of anionic salmon trypsin
compared with bovine trypsin (BT) has, in addition to
measurements of Km-values, been demonstrated from
studies on the association to P1 mutants (primary binding,
nomenclature of Schechter and Berger7) of the bovine
pancreatic trypsin inhibitor (BPTI).8 In this study the
lysine side chain of the P1 position of wild-type BPTI was
mutated to 17 coded amino acids. The succeeding associa-
tion constant measurements showed that there were only
small differences between salmon and bovine trypsin for
the noncognate P1 mutants, whereas the anionic salmon
trypsin showed an approximately 100-fold stronger associa-
tion for the variants of BPTI with the cognate lysine and
arginine side chains. Furthermore, because the associa-
tion constants for P1 Gly, which has no side chain penetrat-
ing the pocket, were almost identical for BT and AST, the
differences for cognate P1 residues may be predominantly
due to stronger electrostatic interactions of AST.8 Further
support for the stronger electrostatic interactions was
obtained from comparative crystal structure analysis of
AST and BT in complex with BPTI, were the P1 Lys was
found with a direct interaction to Asp189 in the AST-
complex, whereas via a water molecule for BT.9
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Trypsins from different species have generally been
thoroughly studied, comparing amino acid sequences10

and 3D structures, and sources of the cold-adaptation
behavior have been sought.11–13 The reduced temperature
stability of the cold-adapted trypsins is likely to originate
from a combination of reduced core packing and a lower
number of hydrogen bonds in certain regions of the struc-
tures, as found by Leiros et al.12 The source of the
increased activity is, however, more difficult to predict.
The lack of several interdomain hydrogen bonds close to
the catalytic site in the contact region between the two
domains is likely to impose higher flexibility and, thereby,
possible increased catalytic efficiency. Furthermore, all
the cold-adapted trypsins studied so far are anionic, but
several mesophilic forms have an even more negative
overall charge. However, the distribution of negatively
charged residues seems to be unique for the cold trypsins.
The charge of the N-terminal halves is relatively similar
among all trypsins, whereas the C-terminal domains of the
cold active forms are more heavily populated with acidic
residues than any of the warm trypsins. Thus, the cold
trypsins are much more polar, and because the C-terminal
domain comprises the specificity pocket, additional nega-
tive charge in this region is likely to affect substrate
affinity and binding. This result, in combination with the
results from association constant measurements, led us to
suspect that the electrostatics play a major role, at least
for the binding component of the increased activity of the
cold-adapted trypsins.

The present study has, by using the continuum electro-
static model for the solution of Poisson-Boltzmann equa-
tion, aimed at exploring the roles of electrostatic poten-
tials in governing the binding affinities of seven trypsin
isoenzymes. The anionic form of salmon trypsin (AST),
along with Antarctic fish trypsin (AFT) and Atlantic cod
trypsin (CT1) represent the cold-adapted trypsins. All
three are anionic and are classified as cold active on the
basis of their relative higher catalytic activity and lower
heat and acid pH stability. Rat trypsin (RT), bovine
trypsin (BT), porcine trypsin (PT), and the cationic
salmon trypsin (CST) represent the mesophilic forms.
The latter three are cationic, whereas the rat trypsin
(RT) included in the study represents the anionic form of
the mesophilic trypsins.

MATERIALS AND METHODS
Calculation and Parameters

The finite difference Poisson-Boltzmann calculations
were performed by the DelPhi software package (DelPhi
version 3.014,15). The boundary of the protein-solvent
interface was generated by a probe radius of 1.4 Å, as
defined by Richards16, and an electrolyte-exclusion radius
of 2 Å has been used. To visualize surface potentials and to
compare the trypsins largely in qualitative terms, the
linearized form of the Poisson-Boltzmann equation was
used for speed. However, the effect of nonlinearity was
checked with sample calculations and was insignificant for
the purpose of this work. The proteins electronic polarizabil-
ity was accounted for by assigning a dielectric constant (ep)
of value 2 in the interior, assuming that the protein
molecules are static and no major conformational reorgani-
zation occur.17 The bulk solvent dielectric constant (es) of
value 80 and physiological ionic strength (i.e., 0.145 M)
was used for all the calculations. Rotational averaging and
two-step focusing was used to improve the accuracy.18 An
initial run with a coarse grid of 20% fill was focused on to a
final finer grid of 90% fill on a cube of 653 grid size with a
final resolution of 1.1 Å/grid. Atomic radii were assigned
according to Connolly.19 Note that radii of hydrogen atoms
are 0. Charges were taken from two different force fields:
surface (permanent) charges and full partial charge sets
from the AMBER force field.20 For all calculations involv-
ing surface charges of the trypsins, the assignment of
charges on acidic and basic residues and terminals has
been made assuming neutral pH; Asp and Glu, 20.5 on
each side chain oxygen atom; Arg, 10.5 on the two guanido
nitrogens; Lys, 11.0 on the Ne nitrogen atom; 10.25 on the
two side chain nitrogen atoms of His; terminal nitrogen,
11.0; terminal oxygen atoms, 20.5 on each; and 12.0 on
the calcium (Ca21) ion.

Structure Selection and Modeling

Five structures from the Protein Data Bank (PDB) at
Brookhaven national laboratory21 and two homology mod-
els have been chosen (Table I). The trypsins were selected
on the basis of criteria that there is a high primary and
tertiary structure homology while they have different
catalytic efficiencies, isoelectric nature, and temperature
adaptations. The availability of kinetic and stability data
from previous studies is also taken into consideration.

TABLE I. Trypsins Selected for Comparative Electrostatic Potential Calculations†

Abbreviation Species pI
Temperature
adaptation

PDB
entry Reference

AST Atlantic salmon 5.6 Psycrophilic 2TBS 13
AFT Antarctic fish 6.0 Psycrophilic Model 12
CT1 Atlantic cod 6.6 Psycrophilic Model 12
CST Atlantic salmon 8.1 Mesophilic 1A0J 26
RT Rat 4.7 Mesophilic 1DPO 27
PT Pig 7.9 Mesophilic 1MCT 28
BT Cattle 8.3 Mesophilic 3PTB 29

†Origin, temperature adaptations and calculated iso-electric nature of the trypsins are shown.
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Atlantic salmon trypsin (AST) is the first and the only of
the trypsins characterized as cold active (psychrophilic) for
which atomic level X-ray structure determination has been
performed. Therefore, homology models were built for
Antarctic fish trypsin (AFT) and Atlantic cod trypsin
(CT1), so that the catalytically more active psychrophilic
trypsins are represented by AST, AFT, and CT1. Both
models were built from the AST crystal structure because
of the high-sequence identity. X-ray structures of all the
mesophilic trypsins were obtained from the protein data
bank (Table I).

To achieve a common basis for the comparisons and to
avoid bias from, for example, crystal packing, the coordi-
nates (X-ray and models) were subjected to a short molecu-
lar dynamic simulation (MD) simulation. The software
package CHARMm22 was used for the simulations, and
the SQUID program23 was used for analysis of the molecu-
lar dynamic trajectories. All the starting models were
superimposed onto AST, and 22 internal waters from AST
and the calcium ion were included. This was to ensure that
effects of the internal waters to the electrostatic potentials
of protein charges would be the same (or nearly so) for all
seven trypsins. The individual systems were energy mini-
mized by 100 cycles “steepest decent” (SD). The molecular
systems were solvated by overlapping each residue with a
sphere of 10 Å preequilibrated waters. Subsequently,
water molecules that overlapped with the protein or
previously placed waters were removed. The overlap crite-
ria was ,2.8 Å from the water oxygen atoms to another
nonhydrogen atom, resulting in 1,533–1,631 water mol-
ecules for each of the seven models.

The solvated systems were further energy minimized
(200 steps of SD) followed by the dynamic simulations: 6 ps
thermalization from 0 to 300 K in 5-K steps with the
assignment of velocities from a Gaussian distribution, 30
ps equilibration with rescaling of the velocities if the
temperature deviated by more than 10 K from 300 K, and
20 ps productive simulation with no rescaling or reassign-
ment of velocities. Integration steps of 0.001 ps were used,
and the bond lengths were fixed by the constraint algo-
rithm SHAKE. The models used for the electrostatic
calculations were made from the average of the last 10 ps
of the production, first minimizing only the water probe
500 cycles SD, and then only the protein 500 cycles SD and
500 cycles conjugate gradient (CG), and finally the com-
plete system 500 cycles SD and 500 cycles adopted basis
Newton-Rahpson (ANBR). The root-mean-squares (RMS)
deviations for main-chain atoms from the starting struc-
tures varied around 1 Å through the equilibration and
productive simulations for all seven models. Visualization
and analysis of the calculated electrostatic potentials was
made with GRASP.24 Mutations of amino acids have been
made with Graphics software known as “O”.25

RESULTS

The asymmetric distribution of charged groups on the
protein surface (see Refs. 30–32) and specific charged
groups at functionally important sites33–36 affect the func-
tion of proteins. Therefore, we were interested in looking

into possible differences caused by the cumulated effects of
charged surface residues and, in particular, the charge
distribution at the substrate binding sites around Asp189.
With this in view, potentials were calculated for seven
trypsins, first with all charges included and then with all
charges except the charge of Asp189. The differences in
molecular surface potential contours produced from all
atomic charges (including Asp189) are small, but still it
appears that the mesophilic trypsins have less negative
potentials around the specificity pocket than the cold-
adapted forms have (results not shown). However, to be
able to interpret possible differences between the trypsins
more easily, all further calculations were performed with
the charge on Asp189 turned off. Because of the additivity
of electrostatic potentials in the linear Poisson-Boltzmann
equation, the difference between the two potentials at
atoms and surfaces can be taken as the sole effect of
Asp189.

Potentials With Asp189 Uncharged

The 3D constant surface potential contours at 1/2 1kT/e
(blue and red, respectively) in Figure 1 illustrate the
potentials when the charge of Asp189 is excluded. The
specificity pocket is negative (red) in the cold trypsins and
positive (blue) in the other trypsins. This is especially
pronounced at the base of the pocket comprising backbone
of residues 217, 219, and 189 where the most important
enzyme-substrate interactions take place. The mesophilic
trypsin contours occupy the upper regions of the crevice
and are relatively far from the base of the pocket. The cold
enzyme contours cover most of the cleft area and corre-
spond well to the walls of the specificity pocket, whereas
the mesophilic enzyme contours cover only a fraction of the
crevice. This is particularly surprising for RT, given its net
negative charge and higher number of Asp and Glu
residues. In fact, rat trypsin produces the smallest 2D
negative contour area (not shown) when Asp189 is un-
charged. In contrast, CST with a net positive charge of 18
units, produced a contour area larger than the other
mesophilic enzymes. If these two trypsins are selected as
markers, the potentials produced in the specificity pocket
do not seem to be functions of net charges of the trypsins
considered.

The average potentials of the residues forming the
specificity pocket (residues 189–193, and 216–221; Table
II, Fig. 2) also indicate that all trypsins have potentials
rather similar for one wall of the pocket (residues 189–
193), whereas the cold-adapted trypsins have a signifi-
cantly lower potential than the mesophilic counterparts
for the other wall of the binding pocket (residues 216–221).
Asp189 is a conserved residue, and there is a general
sequence and structural homology among the trypsins.
The structural differences among the specificity pockets
are small, i.e., the orientations of Gln192 are slightly
different, and position 217 being Ser in BT while Tyr in the
other trypsins. The potentials of the specificity pocket were
expected to be relatively similar among the trypsins, and
the observed differences must, therefore, originate from
charges distant from it.
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Origins of the Differences in Potentials

Comparison of the anionic salmon trypsin and the
cationic bovine trypsin,9,13 along with an extensive
sequence analysis of 27 trypsins,12 suggest that the
distribution of the charged residues on the enzyme

surfaces is one of the reasons for the reactivity differ-
ences observed for the cold-adapted and mesophilic
trypsins. However, the difference in potentials cannot be
related solely to the total number of charged residues,
because if this was the case, RT with the highest number
of Asp and Glu residues should be similar to the cold
trypsins, whereas CST with the lowest content of Asp
and Glu residues should be similar to BT and PT.
However, small structural differences involving the
whole molecule, and particularly at the substrate-
binding site, can result in different screening effects of
the protein and of the solvent dielectric. The homologous

Fig. 2. Atomic potentials of the specificity pocket residues (189–197
and 214–220). Atoms are represented by CPK spheres and colored by
the calculated potentials (charges on Asp189 turned off) in red (negative)
and blue (positive). The difference in potential at the base and residues
216–219 of the pocket is illustrated. Molecular surface equipotential
contours at 1/2 1 kT/e, in green and yellow, respectively, are also shown
for comparison.Fig. 1. Electrostatic surface potentials of trypsins presented as 3D

constant surface potential contours at 1/2 1 kT/e in blue and red,
respectively. The orientation of the molecules is shown in the top left
figure. Four mesophilic trypsins [rat trypsin (RT), porcine trypsin (PT),
bovine trypsin (BT), and cationic salmon trypsin (CST)] and three
cold-adapted forms [anionic salmon trypsin (AST), Antarctic fish trypsin
(AFT), and cod trypsin (CT1)] are included. The potentials are calculated
by using all the atomic charges except on Asp189. The specificity pocket
residues 189–193 and 216–219 together with the catalytic triad are
indicated in greed rods.
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bovine and rat trypsins have a net charge difference of
about 12 e, but the catalytic site potentials due to
surface charges were effectively shielded, producing a
nearly zero potential.35 The same effect is, however, not
observed for the specificity pockets of the seven trypsins.
The potentials of the mesophilic trypsins are generally
screened to a greater extent than the cold trypsins are,
particularly for one part of the crevice (Fig. 1). Differ-
ence in screening effects from the solvent may arise from
the different shapes of the dielectric boundary. The
protein solvent interface is related to the 3D structure of
the molecules, and hence, the amino acid sequence, and
the nature of the interaction of the surface residues.
Larger water-accessible surface area might mean that
the solvent molecules are relatively distant from the
internal residues, and screening would accordingly be
less. Surface areas, as measured by the method of Lee
and Richards,37 show that the fish enzymes generally
have larger water-accessible (molecular) surface areas
than the mammalian trypsins.

Effects from conserved charges

To investigate the screening effects of the dielectric
boundary resulting from differences in the amino acid
sequences, potentials were calculated by using charges on
the conserved charged residues only. Fourteen charged
residues are conserved in all the trypsins (see Fig. 3): five
basic, six acidic, and three histidine residues (Lys-60, 107,
188, and 230; Arg-66; Glu-70, 77, and 80; Asp-102, 189,
and 194; and His-40, 57, and 91). Ten of the conserved
charged residues are in the N-terminal domain. All the
histidines and the glutamates are found here. Four resi-
dues are conserved in the C-terminal domain.

Using only the conserved charges resulted in potentials
in the cleft of the specificity pocket that are more similar
among the trypsins, but again, the potential contours are
extended to the surfaces of residues 189–193 for the three
cold trypsins, whereas the mesophilic trypsins contours
fail to do so (Fig. 4 and Table II). In contrast, the potentials
of residues 216–221 of the binding pocket are more similar
among the molecules than when also nonconserved charges

TABLE II. Averaged Electrostatic Potentials of Residues of the Specificity Pocket (189–193, 216–221)
Produced From Calculations With Different Charge Assignments†

Res.
No.

Potentials (kT/e)

AST AFT CT1 CST RT PT BT Residue Except

189 1 2.455 3.42 2.92 3.95 2.80 7.13 4.98 Asp
2 299.00 292.54 292.24 294.02 297.78 291.00 298.49
3 286.52 289.77 290.98 298.17 2108.7 293.75 296.69

190 1 24.591 24.05 24.12 25.00 25.13 22.47 22.82 Ser
2 232.17 232.00 231.82 232.39 235.10 229.09 230.24
3 231.23 231.13 231.23 232.66 232.30 228.21 232.15

191 1 29.737 29.83 210.04 29.18 28.46 27.23 27.53 Cys
2 217.60 217.97 218.12 217.19 217.37 214.51 216.24
3 216.91 217.81 217.92 218.36 216.57 214.76 217.19

192 1 20.845 20.79 20.98 20.70 20.39 20.08 20.40 Gln
2 22.83 22.50 23.00 23.28 23.28 22.52 22.89
3 22.77 22.86 22.92 23.63 23.25 22.84 23.29

193 1 20.474 21.09 20.56 26.66 21.71 20.43 22.70 Gly
2 22.91 22.84 23.15 28.38 25.12 22.29 24.85
3 23.93 23.59 24.02 28.83 24.40 23.07 24.67

216 1 21.82 21.70 21.10 0.19 0.89 0.83 0.50 Gly
2 26.82 27.78 26.41 25.21 25.04 24.70 25.14
3 26.13 26.1• 26.18 26.06 26.47 25.96 27.07

217 1 21.14 20.14 20.01 2.06 0.85 4.53 2.85 Tyr Ser
2 23.76 23.13 22.70 20.96 22.11 0.67 21.67 (BT)
3 22.96 23.03 23.04 23.13 23.07 23.14 24.41

219 1 21.14 20.74 20.77 0.84 0.69 1.10 0.97 Gly
2 23.76 25.85 25.96 24.53 25.06 24.26 24.79
3 25.18 25.33 25.20 25.58 25.61 25.07 25.61

220 1 21.94 21.25 21.40 1.66 1.03 2.36 2.05 Cys
2 213.52 213.39 213.49 210.84 212.21 210.32 211.93
3 211.49 211.78 211.18 212.33 211.80 210.86 212.98

221 1 23.10 21.35 22.00 1.76 0.07 3.82 2.35 Ala
2 228.78 227.18 227.71 223.39 227.16 222.87 226.11
3 225.66 223.99 225.24 224.83 225.02 223.50 228.84

†1, potentials due to all atomic charges except Asp189; 2, potentials due to all atomic charges; 3, potentials due to all conserved charges. Mean
potentials shown in bold are for calculations when charges on the oxygen atoms of Asp189 side chain are included, whereas those shown in italic
are calculations when Asp189 is uncharged.
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are included. Still, comparing the potentials of the con-
served charges with those provided by all charges revealed
features that are unique for each enzyme or group of
enzyme. The potentials of the cold trypsins increased when
using only the conserved charges, whereas they decreased
for the mesophilic trypsins. This finding suggests that the
effect of the nonconserved charges is opposite for the cold
and the mesophilic enzymes. The fact that the potentials
produced by the conserved charges are uniform and lower
for the cold trypsins and higher for the mesophilic trypsins
must imply that particular charged residues are contribut-
ing a positive potential in this region of the mesophilic
enzymes and a negative potential of the cold enzymes.

The reason for the observed differences in potentials at
the residues 189–193 region of the specificity pocket is,
therefore, most likely caused by the different shapes of the
molecular surfaces, because the same differences are
observed when the same number and position of charged
residues are used (i.e., only the conserved charges). The
previously observed differences in potentials at residues
216–221 are not reproduced by the conserved charges.
Nonconserved charged residues are thus responsible for
these differences.

Effects from nonconserved charges

In an attempt to find the origins of the observed
differences in potentials, particular charged residues

were searched for, which could have long-range effects
on the potentials of the pocket in their position and
orientation relative to the S1 cleft. A few residues were
identified and subjected to subsequent modeled muta-
tions. There are four charged amino acids uniquely
conserved among the cold trypsins (residues 29, 150,
154, and 221B), whereas there are no unique conserva-
tion of charged residues among the mesophilic trypsins
(Fig. 3). However, a lysine is conserved at position 224
for the cationic trypsins. A lysine occupies position 175
in RT, whereas this position is Met or Gln in the other
trypsins. Figure 4b shows that the charges of residues
221B and 224 largely affect the potentials of residues
216 –221 and the base of the S1 pocket of the cationic
mesophilic trypsins. The same region of the anionic RT
is influenced by the charges of residues 175 and 221B.
The positive charge of Lys224 in BT, PT, and CST
contribute to a positive potential of the active site of the
cationic trypsins. Similarly, the 10.5 charge of His224 of
AFT and CT1 causes a slightly more positive potential
than in AST, where an Asn occupies position 224. A
positive potential arise from Lys175 in RT and from
Gln175 in the cationic mesophilic trypsins, whereas
Met175 generates a negative potential in the cold-
adapted trypsins. Residue 221B is a conserved Glu in
the cold trypsins and Gln or Leu in the warm trypsins,
thereby affecting the potentials of the pocket differently.

Fig. 3. Sequence alignment of the trypsins describing the primary structure charge distribution. The
negatively charged amino acids (Asp and Glu) are shaded, whereas the positively charged residues (Lys and
Arg) along with His are boxed. The structural regions are named according to their structural or functional
relevance. E and I denote external and internal residues, respectively.
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Partial charges

Also, the distribution of the polar amino acids is differ-
ent among the trypsins in this study. To study the effect
this may have on the specificity pocket and the enzyme-
substrate interface, potentials were calculated by using
only the partial charges from the AMBER charge set.20

The surface potentials contours of the specificity pockets
(data not shown) were strikingly different for the seven
trypsins. A negative potential was found for AST, CST,
and RT, a nearly zero potential for CT1, AFT, and PT, but
a very strong positive potential for BT. However, the
differences observed are relatively small and do not seem
to be consistent with type of trypsin.

DISCUSSION

The main results of the calculations are as follows: (a)
The electrostatic potentials at the substrate binding resi-
dues are generally significantly lower for the cold-adapted
trypsins than those of the mesophilic counterparts. (b) At
most of the residues, the potentials produced from Asp189

are uniform among the molecules. (c) Most of the potential
in the S1 pocket is produced from the conserved charges.
The effect of the nonconserved charges seems to be oppo-
site in the cold and the warm active trypsins. (d) Residues
such as, among others, 221B, 224, and 175 (RT), are the
main sources of the differences in potentials of the S1

pockets of the mesophilic and the cold active trypsins.

Potentials After Mutations of Selected Residues

In addition to the residues at the S1 site, residues at the
two specificity pocket extension loops (184A–188B and
221A–225) and residue 172 are important for the specific-
ity of trypsins as general structural specificity determi-
nants.38–41 As has been outlined above, the electrostatic
potentials associated with these sites are also different
among the trypsins, correspondingly affecting the poten-
tials at the S1 substrate binding site differently. Hence, it
was tempting to mutate some of the variable residues at
the extension loops for purely electrostatic reasons. Resi-
due 224 in CST, CT1, AFT, BT, and PT was mutated to the
corresponding residue in AST (Asn), and residue Lys175 of
RT was mutated to Met175. Then, another Loop2 residue
(221B) of the mesophilic trypsins was mutated to a Glu
that is conserved in the cold active enzymes. The stronger
negative potential observed in the S1 pocket of AST was
expected to be (at least partly) reproduced by these muta-
tions.

The potential of AST is taken as a model due to the 20- to
40- fold higher catalytic efficiency of this enzyme compared
with the mammalian trypsins,4 and more importantly, the
100-fold stronger association to BPTI of AST relative to
BT.7 Figure 5 displays the equipotential contours and
atoms of selected residues colored by the potentials for the
different single and multiple mutants of the trypsins. The
mutation H224N in AFT and CT1 resulted in a negative
potential as strong as in AST at the base of the pocket. The
shapes of the negative potential contours in the pocket also
became identical in the three enzymes. However, the
H224N mutation had only a small effect on the potential of

the S1 site compared with the K224N mutations of the
cationic trypsins. Mutation of residue 224 in the cationic
mesophilic trypsins (BT, PT, and CST) produced a stron-
ger negative potential within the substrate binding crevice
and a nearly zero potential on atoms and surfaces at the
base of the pocket. The potential in and around the pocket
became identical in all three of the cationic trypsins.
However, the shape of the contours and the atomic poten-
tials around the base of the pocket and the extension loops
are still not similar to that of AST. The K175M mutation in
RT produced a significant change in the potential of the
residues 216–221 wall of the pocket. The shape of the
contours became similar to the K224N mutants of the
cationic mesophilic trypsins. Therefore, in terms of electro-
static potentials of the substrate binding site, Lys175 in RT
and Lys224 in BT, PT, and CST have the same purpose of
providing a positive polarization. The two residues are
located at different sites, but both are pointing toward the
same target: residue 217. It can be seen that mutation of
these residues to the corresponding residues in AST is
significant but not sufficient to generate the strong nega-
tive potential observed at S1 site of AST.

Mutations of residue 221B (Q/L221E) in the mesophilic
trypsins resulted in significant changes of the potentials
(data not shown), but the influence was not strong enough
to reproduce the potentials of the cold trypsins. It was,
therefore, interesting to see the effects of the double
mutations involving residues 224 and 221B for the cationic
mesophilic trypsins (BT, PT, and CST) and 175 and 221B
for RT. Figure 5 shows that the electrostatic potentials of
AST at the pocket and the extension loops are successfully
reproduced by the double mutations. The atomic poten-
tials and the shape of the contours of the mesophilic
trypsins became similar to that of AST or to the cold-
adapted trypsins in general. In fact, the negative potential
of the mutated trypsins seems to be even stronger than the
model trypsin (AST). In addition, multiple mutations
involving residues 159 and 160 to the corresponding
residues in AST have been attempted for porcine trypsin.
The results (data not shown) showed that these residues
do not have significant effects on the potential of the
substrate-binding site. Mutations of residues 221B and
188B to hydrophobic residues (Q221A and K188G) and
residue 224 to a polar amino acid (K224N) have been
attempted to see the effect of introducing a hydrophobic
residue at 221B and perturbing the positive charge at
188B. The potential in the pocket is affected, and an
example is shown for CST and PT at the bottom right of
Figure 5. The shape of the contour is similar to the single
mutation K224N, but the area slightly increases. The
increase in area of the contour can be the result of the
perturbation of the conserved positive charge at 188.
However, the specific significance of the conserved Lys188

is not definitively illustrated by the mutations, and it
seems that it is not as important as for example residue
221B. This is in line with the experimental observation
that K188B-Trp, Phe, and Tyr mutants of trypsin conserve
capacity of the native trypsin to degrade peptide bonds
containing lysyl and arginyl residues.42 In electrostatic
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potential, residues, such as at positions 221B, 224, and 175
(RT), seem to be crucial for the enhanced reactivity of AST
(or all the cold trypsins) relative to the warm trypsins. The
mutations showed that the observed strong electrostatic

potential at the S1 site of the cold enzymes is a result of
charged residues not directly in contact with substrate
atoms. It should be noted that the potential of Tyr172,
which was shown to have structural influence on substrate

Fig. 4. Origin of the differences in potentials in and around the S1 pocket of the trypsins. a: 2D
molecular surface isopotential contours across the S1 binding site produced from the conserved charges
only; at 25 (red), 22 (yellow) 15 (green), and 12 (blue). Residues 189–193, 195, 214, 228, and
216–219 are drawn as magenta rods. b: Electrostatic potentials around the specificity pocket of anionic
salmon trypsin (AST), anionic rat trypsin (RT), and cationic bovine trypsin (BT) produced from all atomic
charges with uncharged Asp 189. Molecular surfaces are built and colored by the potential of residues
189–197 and 216–220. Atoms of selected residues are shown in line sphere and colored by the
potentials to illustrate the difference in potentials around the pocket.
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Fig. 5. Effect in the potentials of the S1 region due to specific charged
mutations. The selection (of the specificity pocket residues), representation,
charge assignment, and color code of atoms is as in Figure 2. The sites of mutation
(residues 175, 221 and 224) are also shown. A: Wild type shown for AST
(representing the cold active trypsins) and BT (representing the warm active
trypsins). B: Single mutations: H224N in AFT and CT1; K175M in RT; and K224N
in BT, CST, and PT. C: Multiple mutation indicating the double mutations K224N 1
Q221E in BT, CST, and PT; K175M 1 L221E in RT (in a pink box) and examples
for the triple mutation K188A 1 K224N 1 Q221E in CST and PT (green box).

ELECTROSTATICS OF COLD-ADAPTED TRYPSINS 215



specificity, is strongly affected by the charges of the three
residues mentioned.

CONCLUSIONS

As expected, most of the negative potential at the S1

region of the trypsins is generated from Asp189. However,
the potentials at the S1 site of the trypsins do not seem to
be equivalent for all, and the main source of the differences
are charged residues located outside the specificity pocket
that do not have any direct contact with substrate atoms.
Surface charges produce an electric field at the S1 pocket of
the trypsins, which is different in sign and magnitude
among the seven trypsins. The surface charges of the
mesophilic trypsins generally induce the S1 pocket posi-
tively, whereas surface charges of the cold active trypsins
produce a negative electric field at this site. Some particu-
lar nonconserved charged residues were responsible for a
major part of the differences in electrostatic potential of
the S1 pocket of the cold-adapted and mesophilic trypsins.
In the cationic mesophilic trypsins, the presence of a lysine
residue at position 224 and the substitution of glutamic
acid by glutamine at 221B seem to be the major sources of
the higher potential at the S1 site of these trypsins
compared with the cold active counterparts. Similar effects
arise from a lysine residue at 175, combined with a leucine
residue at 221B in the case of anionic rat trypsin. The
results of the electrostatic potential calculations leave
residues 175, 221, and 224 as interesting targets for future
mutagenesis experiments. The result of the calculations
using only the conserved charges were uniform among the
molecules, and it represented most of the potential com-
pared with all the real charges. This finding may suggest
that the conservation of these residues is important for the
generation of most of the negative electrostatic potential of
the S1 pocket, whereas the nonconserved charges induce
the pocket differently.

The nonconserved charges seem to be sources of the
stronger negative potential of the cold active trypsins,
whereas their effect is to reduce the negative potential of
the mesophilic trypsins. The effect of the partial charges
on the potential of the substrate-binding site do not seem
to follow the reactivity pattern of the molecules. The
present study has also shown that the potential of the S1

pocket does not depend on the overall charge of the trypsin
molecule. All the cold active fish trypsins are anionic and
posses a similar potential of the S1 site, but rat trypsin
(RT), which has an even lower overall charge, possesses
electrostatic potentials of the binding region that is similar
to those of the other mesophilic trypsins with overall
cationic nature. In a similar manner, the cationic salmon
trypsin, which has many structural features in common
with the cold active equivalents, also resembles the other
mesophilic trypsins in electrostatic potentials. The lower
potential at this region, produced by the surface charges of
the cold trypsins, can be related to their observed in-
creased substrate binding affinity. The positive charge of
the substrates can be stabilized by the stronger negative
potential more efficiently in the cold trypsins than in the
mesophilic trypsins. The qualitative trends of the calcu-

lated potentials, thus, also reflects the association strength
of trypsin-inhibitor complexes.
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