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ABSTRACT: Trypsin-like serine proteases play essential roles in diverse physiological processes such as
hemostasis, apoptosis, signal transduction, reproduction, immune response, matrix remodeling, development,
and differentiation. All of these proteases share an intriguing activation mechanism that involves the
transition of an unfolded domain (activation domain) of the zymogen to a folded one in the active enzyme.
During this conformational change, activation domain segments move around highly conserved glycine
hinges. In the present study, hinge glycines were replaced by alanine resalsis directed mutagenesis.

The effects of these mutations on the interconversion of the zymogen-like and active conformations as
well as on catalytic activity were studied. Mutant trypsins showed zymogen-like structures to varying
extents characterized by increased flexibility of some activation domain segments, a more accessible
N-terminus and a deformed substrate binding site. Our results suggest that the trypsinogen to trypsin
transition is hindered by the mutations, which results in a shift of the equilibrium between the inactive
zymogen-like and active enzyme conformations toward the inactive state. Our data also showed, however,
that the inactive conformations of the various mutants differ from each other. Binding of substrate analogues
shifted the conformational equilibrium toward the active enzyme since inhibited forms of the trypsin
mutants showed similar structural features as the wild-type enzyme. The catalytic activity of the mutants
correlated with the proper conformation of the active site, which could be supported by varying
conformations of the N-terminus and the autolysis loop. Transient kinetic measurements confirmed the
existence of an inactive to active conformational transition occurring prior to substrate binding.

Trypsin can be seen as a model of the serine endopepti-inactive zymogen conformation, and cleavage of this peptide
dases of family S1, the most abundant proteases in naturesegment triggers a folding process. Approximately 85% of
(1, 2). Trypsin-like serine proteases play essential roles in the structures of the zymogen and active trypsin including
diverse physiological processes such as hemostasis, apopthe catalytic residues are organized identically. The remaining
tosis, signal transduction, reproduction, immune response,15% of the molecule (activation domain), consisting of the
matrix remodeling, development, and differentiation. All of N-terminus to residue 19 and three loop segments (residues
these proteases have evolved to specialized functions from142—-152, 184-193, and 216-223), undergoes a series of
a common ancestor with tryptic specificity and a digestive concerted conformational changes following activatién (
role (3, 4). Moreover, a large combination of structural and 7). This region, which includes the substrate binding site and
biochemical data makes trypsin an ideal system to explorethe oxyanion hole, is incompletely folded in the zymogen,
general features of protein folding and function. Proteolytic resulting in the inactivity of trypsinogen. In the active
enzymes are synthesized as inactive precursors (or zymogensgnzyme, the activation domain becomes ordered and forms
to enable spatial and temporal regulation of proteolytic a relatively closed domain with mostly internal contacts
activity and to prevent uncontrolled proteolytic degradation stabilized by a salt bridge between the newly liberated lle16
(5). Zymogens generally contain N-terminal extensions, and N-terminus and the Asp194 carboxylate. Strong binding of
proteolytic removal of this peptide converts the zymogen to an inhibitor, e.g., bovine pancreatic trypsin inhibitor, can also
the active enzyme. In most cases, prosegments exert theiinduce a conformation in trypsinogen that closely resembles
inhibitory action through sterically blocking the active site the structure of trypsin with a rigid, correctly designed active
and thereby preventing substrate binding. However, the site and lle16 pocket, although there is no free llel6
propeptide of trypsin-like serine proteases stabilizes the N-terminus availableg; 9). The structural transition can also

be induced from the other site: titration or covalent
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greatly affects the hydrolysis of 4-methylumbelliferyl 4-guani-
dinobenzoate (MUGH substrate analogued). Thermo-
dynamic analysis of the acylation step revealed that signifi-
cantly more extended structural rearrangements occur at the
formation of the first tetrahedral intermediate in wild-type
human trypsin 4 compared to the R193G variant. These
results suggest, as it has been proposed ea?@rthat the
catalytic mechanism of serine proteases may involve struc-
tural movements of some parts of the activation domain. The
goal of the present work was to study the effects of
perturbation of hinge flexibility of the activation domain on
the zymogen/active enzyme interconversion and catalytic
properties of trypsin. We replaced hinge glycines by alanine
residuesia site-directed mutagenesis. These mutations had
no effect on the stability and correct fold of the zymogen
form; however, they caused structural perturbation in the
activation domain of the activated enzyme. The structural
effects of these mutations were studied by systematically
probing characteristics of the zymogen form, i.e., increased
flexibility of the autolysis loop, a free N-terminus, and a
deformed substrate binding site. Dependent on the site of
the mutation, however, these structural changes are different
and differentially affect the conformational equilibrium
Ficure 1: The aligned three-dimensional structures of human between the various inactive and the actlve f‘?r.”?s of the
trypsin 4 and bovine trypsinogen. The activation domain segments Mutant enzyme. Consequently, the catalytic activities of the
of human trypsin 4 are shaded in blue, and the catalytic triad is mutants are reduced to different extents and this reduction

shown in yellow. The hinge positions 19, 142, 184 and 193 are correlates with deformation of the active site.
highlighted in red. The figure was prepared using the structures

1H4W and 1TGN and the program PyMOL (DeLano Scientific) ExpERIMENTAL PROCEDURES
(21).

. I ) - ) . Construction of Trypsinogen Mutant€onstruction of
are in equilibrium, withKeq = 10" in favor of the inactive expression plasmids for wild-type human trypsin 4 and
conformation for trypsinogen but witkeq = 1C? in favor of  gpygineering of the R193G and R193A mutants were de-
the gctlve conformatlon.for_trypsmlg). . scribed previously42, 23, 25). Mutation G19A was intro-
s r_emgrkable th_at in five of the seven positions that 4 ,-ed into the R193G human trypsin 4 mutant by PCR using
join activation domain segments to the ordered molecular y,q fo|iowing forward primer (mutated nucleotides are shown
segments a glycine residue is located. This observation is;, po|dface type) G19A 5GCTGAAGCTTTCCCCGT-
consistent with the fact that the presence of glycines tGACGATGATGACAAGATTGTTGGGGCTAC ACCT-
facilitates flexibility of the protein backbone as the absence g1gaG.3 (Invitrogen), and the mutations G142A and
of a side chain results in a lower torsion barrier for the 51g4a were introduce’d by the megaprimer mutagenesis
rotation aroundg and y bonds. Indeed, the results of pcR method using the following primers: G142A- 5
molecular dynamics simulations show that these glycines pA1cTCcCGGCTGGECAACACTCTGAGC-3 and G184A
undergo larger dihedral angle transitions during the activation g ATGTTCTGTGTGECTTCCTTGAGGGA-3. PCR prod-
process than surrounding residu@g-(16). This suggests s were cloned into a modified PET-17b vectd), DNA

that the glycine residues act as hinges for the conformationalSequencing was used to verify the introduction of the desired
change of activation domain segments during activation. ., tations.

Hinge gly.cme residues are _h|ghly conser\_/ed In serine Expression and Purification of Trypsinogen and Trypsin
proteases; moreover, they are Invariant even in proteins with Mutants.Recombinant trypsinogens were expressetl. icoli

a serine protease fold but 'aC."'F‘g protease activity, e.g., BL21(DE3)pLysS (Novagen) as inclusion bodies and re-
hepatocyte growth factofl{). This indicates a predominant foldedin vitro as described previous§). Zymogens were
role of these glycines in the overall protein architecture. A then purified by anion exchange chromatography on a Q
few exceptions exist for position 193, which not only plays Sepharose Fast Flow column (Amersham Biosciences) using
arole in the conformational transition accompanying activa- a 0-1 M NaCl gradient in a 20 mM HEPES buffer, pH 7.0
tion but i.s also part of the oxygni_on hole and occupies th_e The R193G mutant trypsinogen was loaded ontc; a Phenyl
SZ subsite qf the subs.trate bmdmg cleﬁ. One example is Sepharose Fast Flow cation exchange column (Amersham
h“m?‘” trypsinogen 4, in which Gly193 is replaced t.’y an Biosciences) to prevent autoactivation. The column was
arginine residue (Figure 118-20). Recently, we studied equilibrated with 20 mM sodium citrate, pH 4.5, and
the effect of the conformational freedom around this hinge developed with a ©1 M NaCl gradient Tryp’sinogens'were
on the activation process of human trypsin 4 and found that '
the rate of the conformational transition negatively correlates

with the size of the side chain of the amino acid at position , ' Abbreviations: Fmoc, 9-fluorenyimethoxycarbonyl; HMP, 4-hy-
droxymethylphenoxymethyl-copolystyrene-1% divinylbenzene resin;

193 @22). We also demonstrated that replacement of the \yGB, 4-methylumbelliferyl 4-guanidinobenzoate; SBTI, soybean
conserved Gly193 by an amino acid with a bulky side chain trypsin inhibitor.
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activated with porcine enterokinase (Sigma) at 1000:1 molar reaction mixture was incubated at room temperature. At
ratio in 50 mM Tris-HCI, 100 mM NaCl, 10 mM Cag&lpH selected time intervals, aliquots were taken and quenched
8.0. The active forms were separated by affinity chroma- with an equal volumefo6 M hydroxylamine (Aldrich), pH
tography on an SBTI Sepharose column (Sigma) and eluted8.0. Protein samples (100 pmol) were spotted onto a ProBlot
with 10 mM HCI. Both trypsinogens and trypsins were polyvinylidene difluoride membrane (PE Biosystems), and
concentrated by ultrafiltration using Vivaspin columns salts were removed by washing twice with 200 of 10%
(Vivascience) and stored in 2.5 mM HCI in aliquots-&80 acetonitrile. N-Terminal sequence analysis was performed
°C. Purity and homogeneity of the protein preparations were using a Procise 494 sequencer (Applied Biosystems), and
assessed by SDS-PAGE and reverse phase HPLC. Proteithe peak height of lle16 was determined. Values reported
concentration was determined from the absorbance at 280are the average of three experiments. Control experiments

nm using an absorption coefficient efgo = 41 535 M? were carried out in the presence of 0.5 M NaCl. Experiments

cm i, were also performed in the presence of 1 noMMePhe-
Differential Scanning CalorimetryCalorimetric measure-  Pro-Arg-aldehyde. A peptide-resin corresponding to the

ments were taken with a Microcal VADSC differential N-terminus of human trypsin 4 was used as an unobstructed

scanning calorimeter. Denaturation curves were recordedN-terminus for comparison. The IVGGYT hexapeptide was
between 10 and 88C at a pressure of 2.5 atm using a synthesized utilizing the Fmoc chemistry and using an ABI
scanning rate of 60C/h. Samples contained 0.4 mg/mL 431A (Applied Biosystems) solid-phase synthesizer. The
protein in 20 mM sodium phosphate, pH 8.0. Buffer scans Fmoc group was cleaved from the N-terminal lle, while the
were subtracted from the protein denaturation curves. C-terminal Thr remained attached to the HMP resin.
Circular Dichroism SpectroscopfD measurements Were  pyofiayin Binding. The proportion of trypsin present in
performed at 20°C on a Jasco J 720 spectropolarimeter he active conformation was determined by mixing with
(JapanSpectroscopic Co.). Samples contained 0.4 mg/MLy 4fjavin in a BioLogic SFM300 stopped-flow apparatus as
(near UV spectra) or 0.04 mg/mL (far UV spectra) protein gegcrined by Fersht and RequeB, 8). Experiments were
in 20 mM sodium phosphate, pH 8.0. Speptra were recordedperformed by rapidly mixing (0.25 ms dead time) equal
between 195 and 250 nm and 24810 nmin 0.1 nm steps. qlymes (50uL each) of trypsin and proflavin (Sigma) to

Depending on the wavelength range and the protein Con-gie fina| concentrations of 46M and 100uM, respectively,
centration, cells with 0.1 and 1.0 cm path lengths were used.;, 20 mM Tricine pH 8.0, at 20°C. Formation of the

Spectra were the average of three scans.

Limited Proteolysis by ChymotrypsiRrotein samples (50
uM) were incubated in a 100 mM Tricine buffer, pH 8.0,
containing 10 mM CaGlat room temperature in the presence
of bovine a-chymotrypsin (Worthington Biochemical Cor-
poration) at a 10:1 molar ratio. At timed intervals,ut i . L
aliquots were withdrawn, mixed with 2 SDS sample buffer, (Sigma) s_ubstrate _SIOCk SOIUt'OnS_ were Prepared In dlmeth-
and heated at 98C for 5 min to terminate the reaction. ylformam|de. The final concentration of(_jlmethylformamlde
Proteolysis was analyzed by running the samples on 159N he assays was less than 1%, except in the case of G193A/
SDS-polyacrylamide gels under reducing conditions. Gels G142A trypsin in which the maximal concentration was 5%.
were stained with Brilliant Blue G fol h and destained ~ASS&ys were performed in 1.0 mL of assay mix containing
with 5% methanol, 7% acetic acid overnight. The intensity 10 MM CaCj in 20 mM Tricine buffer, pH 8.0, at 20C.
of the bands was determined by densitometry using the Ihe reaction was started by adding 230 nM enzyme
GeneTools (Syngene) image analysis software. The Iinearityto th_e reaction mixture. The hydronS|s of the sub_strate was
of the signal was assessed in the range 97L5 ug of the monitored spectrophotometrically at 405 nm using a Shi-
protein samples. In the case of active trypsin forms control Madzu UV-2101 PC spectrophotometer. The steady-state
experiments were carried out in the absence of chymotrypsinkin€tic parameters were determined from six to eight
to take autolytic degradation into account. Experiments were SUPstrate concentrations between &% and 7.5 mM as
also performed in the presence of 1 niMMePhe-Pro-Arg- appropriate f_o_r the partlc_ular mutant trypsin. Data were
aldehyde, which inhibited trypsin forms t95% but had ~ &nalyzed by fitting to the MichaetisMenten hyperbola using
no affect on the activity of chymotrypsin as assessed by using©CriginPro 7.5 software, and the reported values are the
chromogenic substrates. The chymotryptic cleavage site wasiverage of three experiments.
determined by N-terminal amino acid sequencing. Proteolytic ~ Transient KineticsPre-steady-state measurements were
fragments were separated by SDS-PAGE, electroblotted ontoperformed as described by ffoet al. 3). Briefly, experi-

a ProBlot polyvinylidene difluoride membrane (PE Biosys- ments were carried out on a KinTec SF-2004 stopped-flow
tems) and subjected to N-terminal amino acid sequencingapparatus equipped with a Hg-Xe superquiet lamp (Hamamat-
on a Procise 494 sequencer (Applied Biosystems). su). Fluorescence was excited at 365 nm and monitored

Chemical Modification of the N-Terminushe suscepti-  above 420 nm with a cutoff filter (WG420, Comar Instru-
bility of the N-terminus to chemical modification was ments). Substrate saturation experiments were conducted
determined by carbamylation of llel6 with NaNCO and using 1uM trypsin at 4-methylumbelliferyl 4-guanidinoben-
subsequent N-terminal sequencing by Edman degradation agoate (MUGB, Sigma) substrate concentrations ranging from
described by Camirel@). Briefly, reaction mixtures con-  1.95 to 50QuM in 20 mM Tricine, 10 mM CaGl, pH 8.0 at
tained 10uM protein in 30 mM ammonium bicarbonate 20 °C. Several shots were averaged per experiment. Our
buffer, pH 8.0, 10 mM CaGl The reaction was started by results were also validated by using the kinetics simulation
the addition of 0.5 M NaNCO (Aldrich), pH 8.0, and the software Gepasi29).

trypsin—proflavin complex was followed spectrophotometri-
cally at 465 nm. Several shots were averaged per experiment.
No change in the absorbance signal was observed in control
experiments carried out with bovine trypsinogen (Sigma).

Assay of Enzymatic Actty. Z-Gly-Pro-Argp-nitroanilide
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RESULTS

Expression, Purification, and Characterization of Recom-
binant ProteinsWe substituted alanines for hinge glycines
in the activation domain to assess the role of these hinges in
the zymogen/active enzyme interconversion and catalytic
activity of trypsin. One hinge position, i.e., Gly216, was not
investigated because it also plays a direct role in catalysis
by taking part in formation of the substrate binding pocket.
Craik et al. introduced this mutation into rat trypsin and found
that it altered the specificity of the enzym80]. Alanine
was chosen for substitution because our key objective was
to specifically restrict conformational freedom around hinges

while keeping structural perturbation to a minimum by 0 05 1 2 4 6 8 100 15 30° 45 60
introduction of a single methyl side chain. On the basis of t9R193G D ED D . - - ——
structures automatically generated by SWISS-MODEL, we 0° 30" 60" 90° 120'150° 180" 210" 270 330" 390" 480°

verified that the substitution was sterically reasonable for v R1936 S G -
each mutant 31). Human trypsinogen 4 (193R) and its 0 05 1 2 4 6 & 10 15 30° 45 60
mutant formg )R193G, Rl%lgA, 31936/((319A,) R193G/ RPCCHA B EBEBERERan e =
G142A, and R193G/G18%Awere expressed in the BL21-  y rig3c/G142A wiﬁﬁﬂﬂ 120 180° 240
(DE3)pLysS strain oE. colias inclusion bodies and refolded

in vitro. Mutant trypsins were obtained by activating the
appropriate trypsinogen with enterokinase and purified by
affinity chromatography on SBTI resin. Stability and correct
fold of the mutant proteins were verified by comparison to
wild-type human trypsinogen 4 by differential scanning
calorimetry and CD spectroscopy (for details see Supporting
Information).

Limited Proteolysis.The global conformation of the
activation domain of human trypsin 4 variants was initially
probed by limited proteolysis. Limited proteolysis may be
used as a structural probe to identify locally unfolded
segments of a protein as cleavage sites show a good
correlation with uncertain electron density and larger crystal- _
lographic temperature factor3g). Chain segments forming 0 100 200 300 400 500
the activation domain in trypsinogen show no significant time (min)
continuous electron density and are characterized by a o . ]

B-factor of more than about 2002AFigure 2A) (7, 33). FiGure 2: Limited proteolysis of zymogens and active forms of

- . . ) human trypsin 4 variants by chymotrypsin. (A) Thgfactor
Molecular dynamics simulations also confirm that the distribution of bovine trypsinogen (left) and trypsin (right). Colors

activation domain of the zymogen exhibits increased mobility are scaled so that dark blue indicates Byactors, while residues
compared to the rest of the moleculi). with high B-factors are shown in yellow. Residues composing the
Part of the activation domain is the autolysis loop (Gly142- %ngét‘ﬂgf} ggg?it?]gfr%fgn?geg Sggx\érgg?izﬁggé){,hégmcg S i
. . . A . . ule. , v |
Pro152), which is a Con.served autolysis site in .mOSt trypsins. considerably less residues Wit|’¥ highfactors evenly distributed
In contrast, the autolysis loop of human trypsin 4 does not o, the surface of the molecule. The figure was prepared using the
contain a lysine; however, it contains a phenylalanine, so structures 1TGN and 2BLV and the program PyMOL (DeLano
we hypothesized that it may be cleaved by chymotrypsin. Scientific) @1). Human trypsin 4 variants were subjected to limited
Thus, wild-type and mutant trypsinogens and trypsins were prl‘\j/lteTO!y.S's byHbé"S”@‘ C{‘Y'T.‘O”{%S'”'\TCE‘ g,él m°'6t‘r ratio ”: 100
cubjected 0 rtecyss by chymotpain Th resuls T 7E0S B0, cnang 1omh Cagk o eppete
of the SDS-PAGE analysis indicate that both zymogens andegry. (B) Brilliant Blue G stained gels of digestion reactions. (C)
some active forms are cleaved very selectively at only one The time course of limited chymotryptic proteolysis of the R193G
peptide bond, giving rise to two fragments, which are zymogen M) and activated®) and the R193G/G142A zymogen
relatively resistant to further degradation. We confirmed by (B) and activated®) human trypsin 4 variants.

N-terminal amino acid sequencing that the chymotryptic |imiteq chymotryptic proteolysis (Table 1). Moreover, a
cleavage occurs at peptide bond Phe147-Gly148. The timegjijar cleavage efficiency was observed in all cades: (
course of limited proteolysis was analyzed by first-order — o g52 17 mirY). By contrast, the activated enzymes

exponential curve fitting to densitometric data (Figure_ZB,C). revealed completely different behavior (Table 1). Wild-type

All the zymogen forms were found to be susceptible 10 h,nan trypsin 4 as well as the R193G and the R193G/G19A

mutants were completely resistant to chymotryptic degrada-
? Human trypsin 4 carries an arginine at position 193 so the R193G tion. The R193A mutant revealed low susceptibility to limited

variant is a mutant. On the other hand, the evolutionary ancient and roteolysis kops = 0.003 mi?). Yet, the R193G/G142A

widespread residue at this position is glycine in serine proteases so thep bs . ) ' .

R193G mutant is taken as a reference form for comparison of our and the R193G/G184A mutants were characterized by an

results. increased susceptibility to chymotryptic cleavage with ob-

0.8

0.0

relative amount of intact protein
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Table 1: Observed Rate Constants of Chymotryptic Digestion of A 1.4-
the Zymogen and the Active Form of Selected Variants of Human
Trypsin 4 8 1.2
Kobs (min ) 5 tom
zymogen active enzyme s § 08 i T
wt (193R) 0.16+ 0.01 <0.001 g 2 ; g Q
R193G 0.12+ 0.02 <0.001 ® 5 0.6 ®
R193A 0.17+0.01 0.0017% 0.0003 g ..":.’ X
R193G/G19A 0.14-0.01 <0.001 %3 %Y J ¥ A
R193G/G142A 0.087% 0.006 0.022+ 0.002 C E ool X
R193G/G184A 0.052: 0.005 0.011+ 0.002 g 2
0.0 . : ; ;
0 1 2 3 4
served rate constants of 0.022 and 0.011 Airespectively. time (h)
These results indicate that the activation domain of the
mutant trypsins may be disordered similarly to that of the B
zymogen form. This supports the idea that restriction of the 149
conformational flexibility around hinges of the activation » 124
domain may result in a zymogen-like conformation of the 5 g
active enzyme. In the case of the completely resistant R193G = E 108
variant and the R193G/G142A mutant, which is the most 3 2 o8
susceptible form to chymotryptic degradation, limited pro- E z 06
teolytic experiments were also carried out in the presence o E 7] 4
of the tetrahedral intermediate analogu®ePhe-Pro-Arg- -.E 5 04
aldehyde 84). The disparity in the susceptibility to chymot- ® g 0.2 3
ryptic proteolysis disappeared in the presence of the inhibitor 5
as the R193G/G142A mutant became resistant to proteolytic 0.0 5 : 7 I 1
degradationl(obsmggg< 0.001 milTl, kobsR193G/Gl42A: 0.0018 .
+ 0.0006 mir?). . ~ ftime (h) _
Chemical Modification of the N-Terminué zymogen- Ficure 3: Chemical modification of the N-terminus of human

. S . - . trypsin 4 variants by NaNCO. Reaction mixtures containing/¥0
like conformation is characterized by destabilized salt bridge trypsin in 30 mM ammonium bicarbonate, 10 mM Ca@H 8.0,

formation between lle16 and Asp194. If the N-terminus is ere reacted with 0.5 M NaNCO at room temperature. At selected
not stably inserted into the activation pocket, it should be time intervals an aliquot of the reaction mixture was mixed with 5

more readily available for chemical modification of the M hydroxylamine, pH 8.0 and subjected to N-terminal sequence
N-terminal primary amine. In order to test this idea, trypsin analysis. Experiments were also performed in the presence of 1

. . . ) mM Dp-MePhe-Pro-Arg-aldehyde. (A) The relative amount of
variants were reacted with NaNCO, which preferentially soquencable N-terminus of wild-type human trypsiri® &nt its

modifies the N-terminus on protein85, 36), and the rate mutants R193GQ), R193A (7), R193G/G19A #), R193G/G142A
of disappearance of the llel6 signal was monitored by (®), R193G/G184A &) and the IVGGYT peptide-resinx() as a

N-terminal sequence analysis. A faster rate of carbamylation control corresponding to an unobstructed N-terminus is plotted at
indicates impaired and destabilized salt bridge formation. As gggﬂgg{%gn t{)nﬁﬁeoggbslt}aztéa;r?aﬁ,g];éni)pm%erg?gg?;%cetm%the
shown in Figure 3A, wild-type human trypsin 4 as well as g, the rate of carbamylation: the relative amount of free N-terminus
the R193G and the R193A mutants are characterized by aof the R193G free (left-pointing open triangle) and inhibited (right-
relatively low susceptibility of the N-terminus to be chemi- pointiing open triangle) and the R193G/G142A free (left-pointing
cally modified with 75%, 59%, and 58% unmodified solid triangle) and inhibited (right-pointing solid triangle) mutants.
N-terminus after 4 h, respectively. In contrast, the rate of

carbamylation of the double-mutants is faster: only 36% of terminus of the R193G/G19A mutant significantly decreased
the R193G/G184A mutant, 20% of the R193G/G19A mutant, compared to the free enzyme: 56% was found to be
and 12% of the R193G/G142A mutant was found to be unmodified after 4 h.

unmodified afte 4 h (Figure 3A). This indicates that the Proflazin Binding. The results of limited proteolytic and
N-terminus of these three mutants is significantly more chemical modification experiments indicate a zymogen-like
exposed, suggesting a zymogen-like conformation of the conformation of the active form of the mutant enzymes. The
active enzyme. The IVGGYT peptide-resin corresponding exact proportion of the active conformation and the inactive,
to the first six amino acids of human trypsin 4 was used as zymogen-like conformation was determined by proflavin
a control representing an unobstructed N-terminus. The ratebinding. The fraction of active conformation at pH 8.0 was
of carbamylation of the R193G/G19A and the R193G/G142A determined by following the formation of the trypsin
mutants was comparable with that of the free N-terminus proflavin complex by stopped-flow spectrophotomet2y,(
with 14% remaining unmodified after 4 h. Again, the 28). Proflavin is an acridine dye which combines reversibly
disparity in the susceptibility of the N-terminus to chemical with the active site of trypsin and other serine proteases,
modification disappeared in the presence of the substrateresulting in large absorption spectrum chang@g, 39).
analogue-MePhe-Pro-Arg-aldehyde (Figure 3B). While the Proflavin may be used as a direct probe of the integrity of
presence of the inhibitor did not influence the accessibility the active site. Namely, it binds specifically to the S1 binding
of the N-terminus of the R193G reference form (66% pocket of the active conformation while it does not bind to
remained unmodified after 4 h), the exposure of the N- the zymogen form, where the S1 binding pocket is collapsed.
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1.2 fold increase in th&y value together with a 14-fold decrease
¥ — in kea Together, it led to a ¥6fold decrease in the catalytic
“Tom BB efficiency as compared with the R193G single-mutant.

2 0.8 To obtain further insight into the mechanisms of the
5" catalytic activity of the mutant trypsins, pre-steady-state
s 00 kinetics of the enzyme reactions were also analyzed. We
2 il chose 4-methylumbelliferyl 4-guanidinobenzoate (MUGB)
% ' fluorogenic substrate analogue in an experimental setup that
= 02 permits the separation of elementary reaction steps of

rl rl substrate hydrolysis and the determination of their rate
0.0—= T ' T ' ' constantsZ3). For wild-type human trypsin 4 and the R193G
& & F F K mutant, Tah et al. found that the time course of fluorescence
N A © o » ; .
& < £ of change under pseudo-first-order conditions showed a burst
K] &P e .
<& N N phase followed by a linear phase. The burst could be
< < i ; .
enzyme described by two exponentials: the fast phase is due to the

Ficure 4: Proflavin binding by wild-type human trypsin 4 and its formation of the first tetrahedral intermediate while the slow
mutant forms. The increase in absorbance at 465 nm upon mixingPhase corresponds to the formation of the covalent acyl-
human trypsin 4 variants with excess proflavin relative to the R193G enzyme. The linear phase is the result of slow deacylation.
mutant. A 40uM concentration of each enzyme variant was mixed On the basis of structural and steady-state kinetic data we
with 1004M proflavin in 20 mM Tricine pH 8.0 at 20C. assumed that the introduced mutations do not cause drastic
changes in the reaction mechanism. However, the equilibrium
Upon rapidly mixing human trypsin 4 variants with excess between the inactive, zymogen-like and the active, trypsin-
proflavin, a burst with a rate constat1000 s* was like conformations has to be considered (Scheme 1).
observed. The amplitude of the burst for each mutant was Similarly to the case of wild-type human trypsin 4 and its
compared to the value observed for the R193G mutant R193G mutant, the time course of MUGB hydrolysis by all
(Figure 4) as we assumed that, similarly to other trypsins selected trypsin variants was well described by a burst phase
carrying glycines in all hinges, over 99% of this variant must followed by a linear phase (Figure 5). For the R193A, the
be in the active conformatiorl8, 39). The wild-type and R193G/G19A and the R193G/G184A mutant forms the burst
the R193A forms displayed bursts with similar amplitudes consisted of two exponentials, whereas in the case of the
(98% and 105% of the R193G reference form, respectively) R193G/G142A mutant the burst phase could be described
as the R193G mutant, indicating that all variants at position by a single-exponential function (for details of the data
193 are present in the active conformation. By contrast, a analysis see Supporting Information). The observed rate
significant decrease in the amplitude was observed for all constants are shown in Table 3. For the R193A variant the
other mutants. The R193G/G19A and the R193G/G184A observed rate constants for both phases#gs= 17 s*and
mutants revealed bursts with significantly smaller amplitudes, kopssiow = 0.28 s!) were comparable with those for the
i.e., 18 and 15% of the R193G form, respectively. The largest R193G mutant and the wild-type enzyme indicating es-
effect was observed for the R193G/G142A substitution, as sentially the same reaction mechanism for the R193A mutant
this mutant gave no burst upon mixing with proflavin. These as reported previously for the other two variants at position
data demonstrate that the active site is not properly formed193. In contrast, the other three mutant forms revealed
in the mutant enzymes. different kinetic properties that could not be explained solely
Kinetic Measurement$Ve initially studied the effects of  on the grounds of the model proposed for the variants at
restriction in the conformational flexibility around activation position 193. While the observed rate constant of the fast
domain hinges in trypsin catalysis by measuring catalytic phase for the R193G/G19A mutant was only slightly smaller
activity using a good chromogenic amide substrate. Table 2 (Kopstast= 15 s1) than for the R193G form, it decreased 41-
summarizes the steady-state kinetic data for the hydrolysisfold for the R193G/G184A mutankfpstast= 0.59 s'1). The
of Z-Gly-Pro-Arg p-nitroanilide by wild-type and mutant  observed rate constants of the slow phase of these two
forms of human trypsin 4. Comparison of Gly193 with mutants and that of the burst of the R193G/G142A mutant
residues carrying a side chain, e.g., alanine or arginine resultswvere all comparablekfyssion= 4.7 x 1072 s~ for R193G/
in only a slight change in the catalytic efficiency (1.2- and G19A,kos= 6.9 x 107251 for R193G/G142A, antopssiow
1.1-fold increase, respectively), as the R193A mutant and = 5.1 x 102 s ! for R193G/G184A) but much smaller than
wild-type human trypsin 4 revealed arl.5-fold increase  for the variants at position 193. Moreover, the slow phase
both inKy andke, when compared to the R193G mutant. for the R193G/G19A and the R193G/G184A mutants became
The three other mutant forms revealed different kinetic independent of the substrate concentration above extremely
properties. They were all characterized by a reduced catalyticlow half-saturation concentrations (1.1 and«¥, respec-
efficiency mainly as a result of an increase Ky. The tively), indicating a process occurring prior to substrate
R193G/G19A mutant gave a close to nornkgl; value; binding.
however, it revealed a 4.1-fold reduced catalytic efficiency, The fluorescent signal is generated during formation of
mainly because of an increaseKy,. A 17-fold increase in the first tetrahedral intermediate resulting in the appearance
the Ky value along with a 1.9-fold decrease kg, was of the fast phase2@). For the zymogen-like mutants only
observed for the R193G/G184A mutant form, leading to a the enzyme fraction in the active conformation may enter
32-fold lower catalytic efficiency. The most dramatic change the catalytic cycle and form the tetrahedral intermediate;
was observed for the R193G/G142A mutant with~ar00- therefore, the fast phase corresponds to the active trypsin-
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Table 2: Steady-State Kinetic Parameters of Wild-Type Human Trypsin 4 and Its Mutant3orms

Keat (571 Kwv (uM) kealKn (M~ 57 relativekeafKy®
wt (193R) 88.2L 2.5 29.8+ 3.1 (2.96+ 0.32) x 108 1.1
R193G 541+ 1.2 20.3+ 1.6 (2.67+0.22) x 1® 1
R193A 83.6+ 2.0 26.6+ 2.4 (3.14+£0.29) x 1¢® 1.2
R193G/G19A 51.5- 0.5 78.8+ 2.1 (6.54+0.19) x 1® 0.25
R193G/G142A >3.86+0.76 > (14.1+£3.98)x 10° (2.74£0.94) x 17 1.0x 10
R193G/G184A 29.220.4 346+ 13 (8.44+ 0.34) x 10¢ 3.2x 102

@ Increasing amounts of the substrate Z-Gly-Pro-pagitroanilide were added to reactions containing 230 nM enzyme in 20 mM Tricine,
10 mM CaC}, pH 8.0 at 20°C. ? The relativek../Ky is calculated from the ratio of the./Ky of each trypsin form to that of the R193G mutant.

Scheme 1: Expanded Mechanism for MUGB Hydrol§sis negligible. The simplest model that explains the origin of
Z——E +MUGB A E-MUGB == - GB-MU* —£»E -GB+MU* —<SE +GB the slow phase for the zymogen-like mutants, in accordance
aMUGB hydrolysis includes substrate binding (step 1), formation \li\(lth .the .reShUItShOf tlhe Str:ucmral prObe? andhst_eadyjstate
of the first tetrahedral intermediate (step 2), formation of the covalent mgtlcs, 1S t_ _at the slow p as_e e_merges rom the maCt'V? to
acyl-enzyme (step 3), and slow deacylation (step 4). This reaction active transition. Substrate binding by the enzyme fraction
mechanism is expanded by the conformational equilibrium between in the active conformation decreases the concentration of
ggnflgfn:tal\tliih -Zémggfvt'fgnfi?ﬂaﬁgn ?‘K/tl'sg EIOT‘m ;hyfgmgguﬁ?é'rﬁe the free active enzyme, shifting the inactive/active equilib-
4-guanidinobén£oate; GB, 4-guanidin6benzoa{te; MU, 4-methylumbel- fium _t_owe_lrd the aCtI\./e _form. As the maCtIV.e _tp active
liferone; fluorescent species are denoted with an asterisk. transition is very slow it will represent the rate-limiting step,
and acylation cannot be resolved.

DISCUSSION

We have investigated the role of glycine hinges of the
activation domain in the zymogen/active interconversion and
catalytic activity of trypsin. These glycine residues are highly
conserved in serine proteases, indicating a crucial role in
the overall protein architecture. The importance of the hinge
glycines for enzymatic function is underscored by the fact
that the substitution of any of these glycines in serine protease
factors involved in blood coagulation, e.g., factors VII, 1X
“0 50 100 150 200 250 300 and X, leads to bleeding disorde043). Only pheno-

time (s) typical data have been available on these mutations; however,
Ficure 5: Time course of the reaction of human trypsin 4 mutants our Work .sheds light on Fhe molecular mechamsrn of'these
R193A @), R193G/G19A (), and R193G/G142A Q) with hemophilias. On the basis of a molecular dynamics simula-
4-methylumbeliiferyl 4-guanidinobenzoate (MUGB) substrate ana- tion, Bringer et al. suggested that substitution or removal
logue. A 1uM concentration of enzyme was mixed with 50D of the key residues involved in trypsinogen activation will
MUGB in 20 mM Tricine, 10 mM CaGl pH 8.0, at 20°C. presumably induce larger scale changes in the protein
gguso:]e;cgggemoggﬂgrg:jogggtvi-?;ghgrl:]@belhferone was excited at oo re {4). The contribution of the salt bridge between
llel6 and Aspl194 as well as hydrophobic interactions of the
Table 3: Kinetic Parameters of Human Trypsin 4 Variants on lle16 side chain to the activation process has been extensively
MUGB Substrate Analogde studied 89, 44). On the other hand, the structural and
7 -1 1 functional role of glycine hinges of the activation domain
Koostos57) _ Konssion(5™) a (57) has not been studied so far.

[4-methylumbelliferone] (uM)

"F‘z’tlgggg?jm %2 (13:22 éLng igi We replaced hinge glycines by alanines to keep structural
R193A 17 0.28 1.3 10°2 perturbation at a minimum. Indeed, none of the mutations
R193G/G19A 15 4.% 1072 1.6x 1073 studied here caused any significant change in the ordered
R193G/G142A n.d. 6.% 1072 2.7x10°° secondary and tertiary structure of the zymogens as assessed
R193G/G184A 0.59 5.% 102 2.0x 1073

by their CD spectra and thermal stability. In contrast, the
2 Observed rate constants of the two exponential phases of the burstmytations affected the structure of the activation domain in

and the rate constant of deacylation. Fluorescence stopped-flowhe activated enzymes. We probed all the features distinctive
experiments were performed using¥ trypsin and MUGB concentra- for th f . . d flexibilit f th
tions ranging from 1.95 to 500M depending on the enzyme variant '0F ("€ Zymogen form, 1.e., Increased tiexibility or the
in 20 mM Tricine, 10 mM CaGl pH 8.0 at 2C°C. Fluorescence of the ~ autolysis loop, a free N-terminus and a deformed active site

product 4-methylumbelliferone was excited at 365 nm and monitored and found that the mutant forms show zymogen-like
above 420 nm. Apparent rate constants were determined by fitting structures. However, the extent of these changes was widely

second-order exponentials followed by a linear phase to the transients. y: .
The rate constant of deacylation was calculated according tio o different (Table 4). Position 193 proved to be the least

al. (23). ® Data from Tdh et al. rounded to two digit=@) sensitive to perturbation: wild-type human trypsin 4 contain-
ing an arginine at position 193 and the R193A mutants

like fraction. In the case of the R193G/G142A mutant, whose showed active structures similar to the R193G reference
active site is completely in an inactive conformation accord- form. This is consistent with the fact that naturally occurring

ing to the results of proflavin binding, no fast phase could isoforms are only reported for position 193 among the hinge
be observed, also indicating that the active fraction is positions studied here4b, 46). The other three hinge
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Table 4: Percentage of the Active Conformation in the Activated Form of Human Trypsin 4 Variants According to Different Experimental
Approaches

ordered autolysis loop buried N-terminus correctly formed active site  catalytic activity
(limited proteolysis, Figure 2)  (chemical modification, Figure 8)  proflavin binding, Figure 4) (Table 2)

wt (193R) 100 88 100 100
R193G 100 83 100 100
R193A 90 85 100 100
R193G/G19A 100 51 18 25
R193G/G142A 75 50 <1 <1

R193G/G184A 79 73 15 3

2 Calculated by dividing the observed rate constant of the activated form by that of the corresponding zyadeulated by dividing the
observed rate constant of the activated form by that of the control peptide IVGGYT corresponding to an unobstructed N-terminus. Observed rate
constants were calculated by first-order exponential curve fitting.

positions were found to be more sensitive to perturbation of correlates withk../Kyv (39). Comparing the results of the
the conformational flexibility, although to variable extents. kinetic measurements and the structural probes, our data
The R193G/G184A mutant revealed only a partially zy- show that the catalytic efficiency correlates with the con-
mogen-like, while the R193G/G142A variant a more typical formation of the active site, while it is rather independent
zymogen-like structure. The data for the R193G/G142A of the structural state of the N-terminus and the autolysis
mutant may be explained by the additional role of Gly142 loop (Table 4). This implies that the enzyme activity requires
in the stabilization of the active conformation by hydrogen a fixed conformation of the S1 site (like that of mutant
bonding interactions to both the N-terminal llel6 and R193G/19A), which, on the other hand, can be supported
Aspl194. Thus, this position may be particularly sensitive to by varying conformations of the N-terminus and the autolysis
perturbation. The R193G/G19A mutant may also be regardedioop. In accordance with the recent results, the crystal
as a kind of zymogen-like trypsin on the basis of its relatively structures of trypsinogen mutants with increased activity in
more exposed N-terminus and deformed active site. Thesecomplex with bovine pancreatic trypsin inhibitor revealed
zymogen-like properties, however, are not consistent with an S1 site and oxyanion hole conformation similar to trypsin
the resistance of its autolysis loop to limited proteolysis. In but different conformations of the N-terminal segment and
this context it is interesting to note that in human trypsin 4 the autolysis loop 48). The reduction of the catalytic
there is a direct contact of the N-terminus to the substrate efficiency is mainly due to an increasek;, while the value
binding site: there are two hydrogen bonds connecting of k. is only moderately affected by the mutations. A 14-
Vall7N to Asp1890 and Asp189N to Vall70. A confor- fold reduction ofk.. may only be observed for the R193G/
mational change of the N-terminus may thus be directly G142A mutant but this value could not be well determined
transferred to the active site without significantly affecting pecause of the higkim of this mutant. These results indicate
the structure of other activation domain segments. that the mutations do not perturb the catalytic machinery to
Variations in the results of the different conformational a great extent. One explanation for the elevatgdvalue
probes suggest that the hinge mutants represent differenimight be a defective substrate binding. However, the increase
structural intermediates between the inactive trypsinogen-of Ky, parallel to the results of the structural probes suggests
like and active trypsin conformations. These results are that the inactive/active equilibrium is shifted toward the
consistent with low-temperature crystallography data show- inactive form, and high substrate concentration is needed to
ing that the activation domain of trypsinogen itself exists in push the equilibrium toward the active conformation. Tran-
a number of closely related but different conformatiadi®) ( sient kinetic measurements of MUGB hydrolysis, which
Furthermore, perturbed angulgscorrelation spectroscopy  permit the separation of individual reaction steps, confirmed
showed that there is interconversion among these conformerghe existence of the inactive to active conformational
on the nanosecond time scale, while no dynamics occur intransition prior to substrate binding. Still, the mutations may
this time range in the trypsin-like statéq). also exert an effect on the formation of the first tetrahedral
Binding of the tetrahedral intermediate analogéePhe- intermediate, and a decrease of the rate constant correlates
Pro-Arg-aldehyde to mutants with a zymogen-like conforma- with the zymogenity of the structure. As subsequent steps,
tion restores the active structure. These results confirm thate.g., acylation and deacylation, are much less affected by
the conformation of the trypsin molecule does not undergo the introduced mutations, we propose that the enzyme
substantial structural deformation due to the introduced structure is restored during the formation of the first
mutations. Instead, the equilibrium between the well-defined tetrahedral intermediate by an induced fit mechanism. These
trypsin-like conformation and zymogen-like conformations findings are consistent with the results of limited proteolysis
may be pushed to the zymogen-like states. Binding of the and N-terminal modification in the presence of tetrahedral
substrate analogue may shift the equilibrium toward the intermediate analogues and the relatively unaffedtgg
active form by stabilizing the trypsin-like conformation. values of the steady-state measurements. Our results are also
Applying the Michaelis-Menten model to the hydrolysis  supported by thermodynamic and isotope effect studies which
of the amide substrate Z-Gly-Pro-Amnitroanilide by our revealed that extended substrates are able to induce a
set of trypsin mutants, the catalytic efficiency shows a conformational isomerization of the enzyme coupled to active
pronounced tendency to decrease correlating with the zy-site chemistry during formation of the acyl-enzyme that
mogenity of the structure. Similarly, analysis of lle16 mutant promotes catalysis49, 50). In accordance with our data
trypsins revealed that stability of the activation domain Hedstrom et al. found that mutations of the lle16 side chain,
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which destabilize the activation domain of trypsin, selectively

decrease the rate of acylation, while substrate binding and

deacylation are not effecte@9).

In summary, replacement of hinge glycines by alanines
perturbs formation of the active conformation to various
extents. All variants at position 193 are fully active.
Mutations at all other positions shift the inactive/active
equilibrium toward the inactive zymogen-like state. This
phenomenon fully explains the structural and kinetics proper-

ties of the mutant R193G/G19A. Replacements of the hinge 17
glycines at positions 184 and 142, however, cause more
extended structural perturbations. Our data show that in the
absence of substrate, the mutant R193G/G184A does not 12.

exist in a fully active structural form. Conformational
transition to result in a fully active structure of this mutant

may only occur in the course of catalysis when the tetrahedral 13-
intermediate is formed. Thus, this can be due to a mechanism

of induced fit. In the case of the replacement at position 142

the active structure cannot be fully restored. We believe that

our hinge mutants with all these various properties will serve
as good models to further explore the role of structural

plasticity in the mechanism of serine protease action and in

protein function in general.
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SUPPORTING INFORMATION AVAILABLE

Detailed description of the results of differential scanning
calorimetry and CD-spectroscopy along with far-UV and
near-UV CD spectra of human trypsin 4 variants (Figure S1)
and detailed analysis of MUGB hydrolysis: time course of
the reaction fitted to both single and double exponential

functions with a steady-state term (Figure S2) and depen-
dence of the observed rate constants of the phases of the
burst for human trypsin 4 mutants on MUGB concentration o4

(Figure S3). This material is available free of charggethe
Internet at http://pubs.acs.org.
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