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ABSTRACT: Serpin inhibitors are believed to form an acyl enzyme intermediate with their target proteinases
which is stabilized through insertion of the enzyme-linked part of the reactive center loop (RCL) as strand
4 in B-sheet A of the inhibitor. To test critically the role and timing of these steps in the reaction of the
plasminogen activator inhibitor PAI-1, we blocked the vacant positiongtsheet A of this serpin with

an octapeptide. The peptide-blocked PAI-1 was a substrate for both tissue-type plasminogen activator
(tPA) and trypsin and was hydrolyzed at the scissile bond. The reactivity of the peptide-blocked substrate
PAI-1 was compared to that of the unmodified inhibitor by rapid acid quenching as well as photometric
techniques. With trypsin as target, the limiting rate constants for enzyme acylation were essentially the
same with inhibitor and substrate PAI-1 (223 s1), as were also the associated apparent second-order
rate constants (2:82.9uM~1 s71). With tPA, inhibitor and substrate PAI-1 reacted identically to form

a tightly bound Michaelis compleXg ~ K, ~ 20 nM). The limiting rate constant for acylation of tPA,
however, was 57 times faster with inhibitor PAI-1 (3.3')sthan with the substrate form (0.059%%
resulting in a 5-fold difference in the corresponding second-order rate constants (13uMd 251).

We attribute the ability of tPA to discriminate between the two PAI-1 forms to exosite bonds that cannot
occur with trypsin. The exosite bonds retain specifically the distal part of the PAI-1 RCL in the substrate
pocket, which favors a reversal of the acylation step. Acylation of tPA becomes effective only by separating
the products of the acylation step. With substrate PAI-1, this depends on passive displacement of bonds,
whereas with inhibitor PAI-1, separation is accomplished by loop insertion that pulls tPA from its docking
site on PAI-1, resulting in faster acylation than with substrate PAI-1.

The serine proteinase inhibitors of the serpin family are a Scheme 1
homogenous group of proteins which regulate the proteolytic

cascades in processes such as coagulation, fibrinolysis k1 k2 k}'E + |
complement activation, and inflammatiof)( The most E + |=—E|— E~|

conspicuous structural elements of the serpin are an extended k. 1 k\A

and flexible reactive center loop (RCL) and a lafiysheet 4 TE-l

(sheet A) ), both intimately linked to the function of the

inhibitor (3, 4). The RCL is a direct continuation gfstrand  complete or partial insertion of the N-terminal (proximal)
5A and is also firmly anchored to the protein scaffold at its part of the RCL (carrying the proteinase at its C-terminus)
C-terminal side. It contains about 20 residues (PE8) as strand 4 in sheet A¢11). This would make the serpin
and exposes the reactive center<fPIl’) at the apex of the 3 suicide substrate inhibitol?) which adds a dead end
slightly elongated molecule. The serpin gains substantial branch to an otherwise normal cycle of serine proteinase
thermodynamic stability by inserting the N-terminal P15  peptide hydrolysisi3). This concept of the serpin mech-
P3 part of the RCL into the normally vacant position 4 of anism is illustrated by the mechanism in Schemé4 15).
sheet A, making this sheet 6-stranded and overall antiparallelin this scheme, | is the serpin; E, the proteinase; El, the
(5, 6). In the intact inhibitor, loop insertion is prevented or noncovalent (Michaelis) complex,~H, the acyl enzyme
hindered by a high kinetic barrier, but upon hydrolysis of intermediate, E1, the stabilized form of the acyl enzyme;
the RCL at or near the reactive center, loop insertion is swift and I*, the scissile bond hydrolyzed serpin. Serpin inhibitory
and irreversible. There are strong indications that the efficiency (except for a possible breakdown of the stabilized
mechanism of serpin action involves cleavage of the-P1 complex) depends on the relative magnitudegsodind ki,

P1 reactive center bond through acylation of the enzyme considered to be controlled by hydrolysis of the acyl enzyme
active site serine residué, (8) and is associated with either  intermediate and loop insertion in the inhibitor, respectively.
Despite a broad consensus on the mechanism in Scheme
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the usually fast deacylation by bulk water. Apart from a with the octapeptide Ac-TVASSSTA (cf. P37 of the
study involving the RCL P9 SerCys mutant form of the PAI-1 RCL), to test critically the role and timing of loop
plasminogen activator inhibitor PAI-1, carrying a fluorescent insertion in the reactions of PAI-1 with tPA and trypsin.
label at the mercapto grou®)( no experiment has been Trypsin was included as reference target because, besides
described that elucidates the kinetics of loop insertion in the being a well-studied serine proteinase, it lacks the residues
serpin reaction. There are several reasons why further studiesmplicated in the tPA exosites for PAI-122Q) and yet is
of PAI-1 could provide valuable mechanistic information. rapidly inhibited by this serpin. The rapid acid quenching
This serpin is a fast and efficient inhibitor of its primary technique 22), which we have used in a previous study on
physiological targets, the tissue- and urinary-type plasmi- PAI-1 (23), was applied to obtain direct information on the
nogen activators (tPA and uPA), as well as of trypsin. Of rates of enzyme acylation and the overall reactivity with the
particular importance for the present study is the fact that two PAI-1 forms. Photometric techniques were applied to
tPA and PAI-1 have developed exosite interactions which obtain complementary kinetic information. Our results show
enhance formation of the tPRAI-1 Michaelis complex and  that acylation of tPA by PAI-1 is much slower when loop
reduce itKq to the nanomolar rangd.§). On the tPA side, insertion is blocked, consistent with a reversible acylation
the exosite interactions appear to be mediated predominantlyof the enzyme. They also show that acylation of tPA is
by a series of positively charged side chains which are unfavorable (Scheme 2), and indicate that this is due to
located in a surface loop (the “37-loop”) such that they could exosite interactions involving the distal part of the PAI-1
promote docking of PAI-1 to tPA by interacting with RCL. The opposite observation that trypsin was acylated
complementary side chains in or near the distal part of the
PAI-1 RCL (17, 18). Consistent with this idea is the fact Scheme 2
that when the corresponding sequence in the 37-loop of E+I*
thrombin was replaced by that of tPA, it resulted in a 2000- L
fold increase in the second-order rate constant for PAI-1 E+ = ~El«—E~
binding to thrombin 19). E-l

Specific evidence that Arg-39 of tPA forms a salt bridge
to the glutamate at P4 the PAI-1 RCL has been presented at the same rate by the two PAI-1 forms emphasizes that
(20, 21). This salt bridge was modeled on the basis of an the exosite bonds have evolved to boost the reactivity toward
analogous interaction in the complex of trypsin with the PAI-1 of a relatively inert and highly selective tPA and that
canonical pancreatic trypsin inhibitat ), which is nonco- the residues responsible are absent or different in trypsin. In
valent in nature and is characterized by an intact reactive contrast to data showing that the RCL of the serpin
center bond. By analogy, acylation of tPA by PAI-1 could antithrombin Ill is partly inserted into position 4 of jfssheet
be reversed through a fast deacylation by the retainéd P1 A (24—26), data presented here indicate that the PAI-1 RCL
o-amino group and become effective only when the distal is fully extracted fromB-sheet A in the free inhibitor as well
part of the cleaved RCL is separated from the tPA substrateas in the Michaelis complexes with tPA and trypsin.
pocket. Hence, loop insertion and the concomitant translo-
cation of the proteinase to its ultimate “locking site” may MATERIALS AND METHODS
determine the acylation rate and the overall reactivity of
PAI-1 with tPA. According to the irreversible acylation ~ The chromogenic substrates S22282251, and S2288
mechanism in Scheme 1, however, loop insertion can havewere obtained from Chromogenix (Mwlal, Sweden) and
no effect on the rate by which the serpin acylates its target. were dissolved in 1 mM HCI to a concentration of 5 mM.

For the purpose of studying the effects of loop insertion Spectrozym®* was obtained from American Diagnostica and
on serpin reactivity, PAI-1 has the additional advantage that dissolved in water to a concentration of 10 mM. Hydrolysis
a loop-mimicking peptide can be bound easily to the vacant Of the chromogenic substrates was monitored spectropho-
crevice for strand 4 in itg-sheet A, resulting in a species tometrically at 405 nm and quantitated using an extinction
of high thermodynamic stability that is also a substrate for coefficient of 13 M~ cm™ for p-nitroaniline. If not
the target proteinases and hydrolyzed at the scissile bondotherwise indicated, measurements were performed at pH
(4). Limited hydrolysis of the active serpin in its reaction 7.5 and 25°C in a standard buffer prepared with analytical
with the target proteinase is considered to result from lack grade HEPES (30 mM) and NaOH (15 mM) dissolved in
of loop insertion. The corresponding reaction of the PAI-1 deionized, distilled, and degassed water and adjusted to 0.15
substrate form, in which loop insertion is prevented, should M ionic strength with NaCl.
therefore be a suitable model for the proteolytic branch of ~ Proteins Human recombinant PAI-1, expressedicoli,
the bifurcation scheme and could provide information about and bovings-trypsin were obtained, purified, and analyzed
the role and timing of loop insertion in the PAI-1 reaction. as previously describedd). Human recombinant tPA
In particular, if acylation of tPA by PAI-1 depends on
separating a tightly bound distal peptide fragment from the ! Abbreviations: S2222N-benzoylt-isoleucylt-glutamyl-glycyl-
proteinase substrate pocket, as suggested above, acylatioggﬁ%@ﬁfgezf’z'ggﬁi'jiigg%ugﬁ?&rﬁl‘)ﬁ:ﬂ%};f:g_ﬂ%ﬁmggggé ]
Pf tPA should be slower with the SUbS_trate form than with trozym‘éPA, methyl—suIfonylD—cyclohexyltyrosyl—glycylt—argiﬁinep—
inhibitor PAI-1 due to the fact that, with substrate PAI-1, nitroanilide; HEPES, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic
the highly exergonic and potentially rapid step of loop acid; MES, 2-morpholinoethanesulfonic acid; BICINE,N-bis(2-

insertion cannot facilitate this separation. hydroxyethyl)glycine;. bis-TRIS, ' bis(2-hydroxyethylamino)-tris(hy-
- droxymethyl)methane; CAPS, 3-(cyclohexylamino)-1-propanesulfonic
In this study, we have used PAI-1 and a substrate form of 5¢ig: CHES, 2-(cyclohexylamino)ethanesulfonic acid; MOPS, 3-mor-

the inhibitor, created by blocking position 4 of fissheet A pholinopropanesulfonic acid.
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(Activase) was kindly provided by Dr. Bruce Keyt at applied to each 1.5 mnx 3 mm well of the stacking gel,
Genentech Inc., San Francisco, CA, USA. The predomi- resulting in bands stained to a peak absorbance less than
nantly single-chain tPA (10 mg) was converted to the two- 1.2.
chain form (tc-tPA) by treatment with immobilized plasmin Protein Quantitation by SDSPAGE The electrophoresis
(27). The treatment was interrupted when the amidolytic gels were stained overnight with Coomassie Brilliant Blue
activity of tPA, measured with S2288 (0.1 mM), began to R. After being thoroughly destained, they were placed on
decline slowly after reaching a peak of about 5 times its top of a light box, and excessive portions of the box were
initial value. Analysis by reducing SDSPAGE indicated masked with a black cloth. Digital images of the transillu-
that conversion of sc-tPA to the two-chain form was minated gels were recorded in the dark using a CCD camera
complete at this stage and that unspecific degradation of tPAequipped with a close-up lens. Image data was analyzed
was insignificant. The activated enzyme was precipitated using commercial scanning software (Sigmascan, Jandel Sci-
by dialysis against solid ammonium sulfate to a final salt entific, San Rafael, CA). The transmission reported by each
saturation of 90%. The precipitate was collected by cen- pixel of the image was converted to absorbance units using
trifugation, dissolved in 1.5 mL of 0.15 M NaCl, and desalted A = —log((8-bit pixel intensity)/255). A band of protein
on a PD-10 column (Pharmacia) equilibrated with the same (comprising 500-2500 pixels) was analyzed by creating a
solution to which 0.02 Me-aminocaproic acid was added to  rectangular area that extended into the background above
reduce aggregation of tPA. The tc-tPA thus prepared andand below the band and covered the lateral edges of the band
then frozen was aggregated when thawed, and before usecompletely. The average absorbance reported by each hori-
the enzyme was redissolved by incubation at°@7for 5 zontal row of pixels across the rectangle was recorded from
min. The concentration of tPA was determined spectropho- top to bottom and transferred to a linear plot. A cubic poly-
tometrically at 280 nm using an extinction coefficient of 1.9 nomial was fitted to portions of the plot judged to constitute
mg ! mL cm™* and aM;, of 63 500. All protein solutions  background absorbance, and using the best-fit coefficients,
were stored frozen at70 °C. a background absorbance was interpolated over the entire
Peptide-Blocked Substrate PAI-The complex of PAI-1 scan and subtracted from the data. The corrected peak was
and Ac-TVASSSTA, which functions as a substrate for tPA integrated, and the total absorbance was multiplied by the
(4), was prepared by mixing 0.5 mL of 86M PAI-1, width (in pixels) of the scanned rectangle to correct for
contained in 0.35 M NaCl, 1 mM EDTA, and 5 mM NaH differences in bandwidth. The value obtained was taken to
PO, (pH 6.2), with 0.5 mL of a solution containing 2 mM  be proportional to the mass of the specific protein contained
peptide in the standard HEPES buffer. The mixture was in the analyzed band. This assumption was corroborated by
incubated for 20 h at room temperature and subsequentlyreacting PAI-1 (2«M) with trypsin (1uM) and tPA (1uM)
desalted on a PD-10 column (Pharmacia) equilibrated with and analyzing increasing amounts of the mixtures by SDS
a solution containing 0.5 mM MES, 0.25 mM NaOH, and PAGE. Plots of relative protein mass, determined as de-
0.15 M NaCl (pH 6.2). The concentration of peptide-blocked scribed above, against the volume applied was linear for all
PAI-1 was determined spectrophotometrically using the species tested (i.e., the stable complexes and the intact and
extinction coefficient reported for active PAI-Rg) and cleaved inhibitor) covering the absorbance range-Q.4.
corrected for the presence of inactive PAI-35%6) which Data Evaluation Unless otherwise indicated, the data
was not hydrolyzed by tPA and which was quantitated by collected for the reactions of inhibitory and substrate PAI-1
SDS-PAGE. We have previously shown that binding to with tPA and trypsin were analyzed primarily in view of a
PAI-1 of octapeptides analogous to PI7 of the PAI-1 two-step mechanism, analogous to the Michaelienten
RCL occurs in direct competition with spontaneous loop scheme for enzyme action. Two kinetic parameters for each
insertion, forming latent PAI-1, and we concluded that these reaction system were determined: (I) the apparent second-
peptides bind ag-strand 4A 8). In the same study, we order rate constant for the overall reaction which we denote
demonstrated that dialysis of the peptide-complexed PAI-1 kap, and (I1) the associated limiting rate constant which we
for several days with frequent changes of the external denotek;,. Note that with the substrate form of PAI4;,
solution did not appreciably decrease the proportion of equalskea: andKapp equalskea/Km. When requiredkin and
substrate PAI-1, showing that dissociation of the complex k., will be used to distinguisk;q for inhibitor and substrate
is much slower than the spontaneous folding of PAI-1 to PAI-1, respectively. If not otherwise indicated, reaction
form the latent inhibitor. progress curves were analyzed by nonlinear least-squares
Rapid Quenching Technigudrates of proteinase acylation fitting of the parameters of a first-order reaction.
by PAI-1 and peptide-complexed substrate PAI-1 were Limiting Rate Constants for Enzyme Acylation by Inhibitor
measured with the rapid acid quenching techni@®. (The and Substrate PAI-1The trypsin reaction with active PAI-1
quenching apparatus was built on site and could be operatedvas studied by the rapid acid quenching technique in the
in continuous-flow mode or pulsed-flow mode with intermit- continuous-flow mode. Trypsin, 10 or 2éM in 0.15 M
tent incubation of reactants (Supporting Information avail- NaCl and 1 mM HCI (to preserve the integrity of the
able). The acidic samples collected in the rapid quenching enzyme), was reacted withiM PAI-1 in 60 mM HEPES,
experiments, containing 1% SDS, were briefly heated to 30 mM NaOH, and 0.12 M NaCl (pkH 7.5). The reaction
boiling, mixed with concentrated electrophoresis treatment was quenched with HCI sufficient to bring the quenched
buffer, neutralized with 0.5 M NaOH, and subsequently solution to a pH of 2+ 0.1. The progress of the reaction at
applied to a polyacrylamide gel (9% or 12%) for separation the time of quenching was determined by SEFAGE as
of the reaction components under nonreducing conditions. described above. To exclude the possibility that the reactiv-
Typically, 30 uL of the quenched and denatured reaction ity of trypsin was limited by conformational changes, caused
mixtures, containing 0:51.0ug of the limiting reactant, was by jumping the enzyme from pH 3 to pH 7.5 in mixer 1, a
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solution with 0.2u4M trypsin in 0.15 M NaCl and 1 mM  curves. Ineq 1A is the registered absorbanée, its final
HCl was mixed in a Durrum stopped-flow spectrophotometer value, Vs and Ks are Vmax and Ky, for the chromogenic
with an equal volume of 0.2 mM S2222 contained in 60 substrateV, andKy are the corresponding parameters for
mM HEPES, 30 mM NaOH, and 0.12 mM HCI, and the substrate PAI-1, and, is the initial concentration of
resulting transmission change at 405 nm was recorded. Thissubstrate PAI-1.
control showed that the catalytic activity of trypsin, when  Comparison of the Effects of pH on the Amidolytic itti
jumped from pH 3 to pH 7.5, is not limited by a step slower of tPA and Trypsin Thek../Ky, for the hydrolysis of S2222
than 100 s by tPA and trypsin were determined in the pH rangela.
Formation of the stable tRRAI-1 complex was likewise ~ Measurements were performed in buffered solutions adjusted
monitored by using the continuous-flow rapid acid quenching to an ionic strength of 0.15 M with NaCl. The following
technique combined with SDPPAGE. With bothtPAand  substances were used to control pH: acetic acid (pH-4.5
PAI-1 contained in 30 mM HEPES, 15 mM NaOH, and 135 5.5), succinic acid (pH 4:85.8), MES (pH 5.6-6.6), bis-
mM NacCl, the plasmin-activated tPA (2V) was reacted  TRIS (pH 6-7), MOPS (pH 6.57.5), HEPES (pH #8),
with PAI-1 (4 uM) and the reaction was quenched with the BICINE (pH 8—9) CHES (pH 8.5-9.5), and CAPS (pH 16
solution described above for the reaction with trypsin. 11). Data were obtained by reacting 0™ tPA or 0.008
Rates of acy|ati0n of tPA and trypsin by the peptide uM trypsin with Subsaturating concentrations of S2222 (i.e.,
blocked substrate form of PAI-1 were measured with the 40xM with tPA and 4uM with trypsin). The rate constants
rapid quenching technique, applied in the pulsed-flow mode (Kobs= Vma/Km) of the resulting exponential progress curves
when tPA was the target and in the continuous-flow mode Were evaluated by nonlinear regression, and the correspond-
when the faster reaction with trypsin was studied. In both ing apparent second-order rate constarks/Km) were
cases, the conditions were chosen to monitor a single enzymedbtained by dividindays by the respective enzyme concen-
turnover and to attempt to saturate the reaction. This wastration.
done by reacting &M tPA with 2 uM substrate PAI-1 and RESULTS
5—20 uM trypsin with 1.6-3.0 uM substrate PAI-1. _ _ _ _ _
Apparent Second-Order Rate Constants for Binding of Evaluation of the Rapid Acid Quenching Technique
Inhibitor and Substrate PAI-1 to Trypsin and tPAThe the serine protelnase—catalyzeq rea_ctlons_, both qcylat|on and
apparent bimolecular rate constarktg, for the irreversible deacylation of the enzyme active site serine residue depend
binding of inhibitor PAI-1 to trypsin and tPA were deter- ©n base catalysisoy a neutral His-57. Kinetic as well as
mined by using the competitive kinetic method with chro- stru_ctural data on trypsin and (_:hymotrypsm_lnd_lcate tha’g His-
mogenic substrate2). Trypsin (8 nM) was reacted with 57 is access_|ble for_ protonat|0_n in all major intermediates
PAI-1 (40-80 nM) in the presence of 0.1 mM S2222. The of the catalytic react|on. a_n_d e>_<h|b|thvaIues in the neqtral
resulting absorbance progress curves were analyzed as singleH range 83-36). Acidification of the reaction medium
exponentials, and values fly,,were evaluated on the basis shoulq therefore exert an immediate effec.t on the patalync
of the observed rate constants and the inhibitor concentration™achinery of both the free and bound serine proteinase by
used and by correcting for the competitive effect of the protonatlng_Hls-5_7 and deactivating it as a base cataly_st. If
chromogenic substrate. For the reaction of PAI-1 with tPA, the Ka of His-57 is not lower than 6, the rates of acylation
the corresponding rate constant was determined by reacting@"d deacylation should be reduced by a factdrdrnore
PAI-1 (2050 nM) with tc-tPA (4 nM) in cuvettes coated Wh_en the system is que'nc':hed with aqd to a final pH of 2.
with poly(ethylene glycol) 20 000 to prevent adsorption and Thls should prowde suff!C|ent prevention of enzyme acyla-
by using Spectrozynf# (0.5 mM) as reporter substrate. tion and d_e_acylatlon unful se(_:ondary effects of the lowt pH
The kapp for the binding of substrate PAI-1 to trypsin was or the addition of SDS dissociate the noncovalent complexes

evaluated a%../K,, on the basis of direct measurement of and denature both enzyme and inhibitor. Several control
VinadKm. For this purpose, substrate PAI-1 () was experiments were performed to evaluate this assumption. In
ma m- ’

reacted with catalytic amounts of trypsin (0.068). The one control, the addition of SDS was omitted until the
reaction was quenched with acid at intervals over a period S&MPles had been incubated at pH 2 for periods ranging from

of 15 s, and the progress of the reaction was determined by10 to_ 30 min. Th_e t.ime courses observed for enzyme
SDS-PAGE. Due to much lower values &, andK., for acylation were not significantly different from those observed

the hydrolysis of substrate PAI-1 by tPA than by trypsin, when SDS was included_ in the collecting tubes .a.nd hence
this reaction was monitored indirectly by using the competi- added to the quenched mlxtuores after only a few mﬂhseconds.
tive hydrolysis of Spectrozynié as a reporter reactio3Q, In a second control,_SDS (1%) was used as the single agent
31) and Vmax and Ky, were determined individually. The to quench the reaction at pH 7.5. Although this led to the

enzyme (0.00%M) was mixed with Spectrozyrfé (15 M) appearance in the gels of more of the hydrolyzed inhibitor
in the absence and presence of PAI-1 complexed with Ac-
TVASSSTA (0.1 and 0.2M), and the complete hydrolysis 2 This apparent contradiction of the Onsager principle of microscopic

; ; _reversibility has been resolved by the introduction of tetrahedral
of the chromogenic substrate was monitored spectrophoto intermediates, the breakdown of whieto the acyl enzyme intermediate

metrically. Steady-state kinetic p?-rameter§ for the h}’dro!Y_SiS or the free enzyme and substrate or prochaepends on acid catalysis
of substrate PAI-1 were determined by fitting the implicit by the protonated form of His-57.

function in eq 1 82) to the resulting absorbance progress 3 Serine proteinase residues are identified according to their position
in chymotrypsinogen.

4The dissociating effect of low pH is demonstrated by the fact that

A, By A \Kvol(Veke) the trypsin used in this study was eluted from a column with
A=A, - Vi+KIn—+ VA (1) immobilized soybean trypsin inhibitor by a pH gradient ranging from
A Vb\A, 4.7 t0 2.
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pH 4.0 pH 5.1

1 2 4 6 8 10 15
Incubation time (s)

Ficure 1: Apparent variation with pH of the proportion inhibitor 1.0 -
PAI-1 that is hydrolyzed by trypsin. The left lane in each pH section
of the gel was obtained using @M trypsin and 1uM PAI-1,
whereas the right lanes were obtained usingM trypsin and 2

uM PAI-1. When the reactions were complete (almost complete at
pH 4 and 5.1), the proteins were denatured by addition of 1% SDS
followed by heating to 100C. The samples were adjusted to pH
7.5, and treatment buffer containing glycerol and tracking dye was
added to the samples before they were applied to the gel. The bands
are (1) the trypsitPAI-1 complex, (2) unreacted PAI-1, and (3)
PAI-1 hydrolyzed at the scissile bond.

0.5 -

Hydrolyzed PAI-1/Total PAI-1

0.0

0 4 8 12 16

G ~3 Incubation time (s)

Ficure 3: First-order hydrolysis of substrate PAI-1 by catalytic
29 43 86 115 173 288 amounts of trypsin. PAI-1 complexed with Ac-TVASSSTA(M)
Incubation Time (ms) was reacted with trypsin (0.068M), and the reaction was quenched

at pH 2 after the indicated times of incubation. Intact (1) and scissile
1.0 4 bond hydrolyzed PAI-1 (2) were separated by SIPAGE, and
the bands were quantitated as described in the Experimental Section.
The relative amounts of hydrolyzed PAI-1 were plotted against time.
The solid line represents a single exponential with the rate constant

ps= 0.19+ 0.01 s*.

tPA and trypsin were determined. When normalized, the
bell-shaped profiles were nearly identical, indicating that
ionization of His-57 (and the lle-1&-amino group) has the
same effect on the overall activity of two-chain tPA as it
has on trypsin and occurs with virtually the sani& palue
(6.9 versus 6.8).

When quenched by acid and analyzed by SIPAGE,
0.0 r . r the reaction between inhibitor PAI-1 and proteinase appeared
0 100 200 300 to result in minor amounts of PAI-1, hydrolyzed at the
scissile bond (Figures 2 and 5), consistent with the bifurcation
scheme for serpin action. However, the proportion of
FiGURE 2: Formation of the stable trypsRAI-1 acyl enzyme  Nydrolyzed inhibitor observed varied depending on how the
intermediate under close to saturating conditions. Trypsin:{ap samples had been prepared for SBFRAGE. Data presented
was reacted with inhibitor PAI-1 (M), and the reaction was in Figure 1 gives the impression that half or more of the
quenched at pH 2 after the indicated times of incubation. The pa|-1 is hydrolyzed when reacted with trypsin at pH 7.5.

components of the quenched reaction mixtures were separated b S op
SDS-PAGE into (1) the trypsifPAI-1 complex, (2) unreacted and "ost of the hydrolyzed inhibitor, however, resulted from

noncovalently bound PAI-1, and (3) PAI-1 hydrolyzed at the scissile hydrolysis of the stabilized complex induced by SDS at pH
bond (trypsin migrated with the dye front). The bands were 7.5, as demonstrated by the much smaller proportion gener-
individually quantitated, and the trypsiPAl-1 complex @) as well ated when the reaction was run at pH 7.5 but denatured with
as unreacted PAI-1 (free and noncovalently bousjere plotted  gpg gt pH 2 (Figure 2) and by titration of trypsin activity
against time. The solid lines correspond to the best fit exponential . YL L S
rate constantio, = 18.9+ 1.5 S (trypsinPAI-1) and kyye = ywth PAI-1, which indicated a stoichiometry of inhibition
18.9+ 0.9 s (unreacted PAI-1). indistinguishable from 1:1. However, no evidence was
obtained that hydrolysis of the stable complex was com-
and less of the stabilized complex, specifically when trypsin pletely abolished by adding SDS at pH 2. Consequently,
was the target (see comments below), the time courses ofwe will refrain from using the proportion of hydrolyzed
enzyme acylation were the same. To ascertain that tPA doesPAl-1 as a measure of PAI-1 inhibitory efficiency. The
not deviate from trypsin with regard to the role ang,of exceptions are justified by the fact that the amount of
His-57, the pH profiles ofk../Kn for hydrolysis of the hydrolyzed PAI-1 observed in the gels is always equal to or
chromogenic substrate S2222 by plasmin-activated two-chainlarger than that generated by the substrate branch of the

Band content
(@]
($)]

Incubation Time (ms)
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Ficure 4: Time course for hydrolysis of substrate PAI-1 by trypsin
under single turnover conditions. (a) Trypsing®!) was reacted
with Ac-TVASSSTA-complexed PAI-1 (1.6M), and the reaction
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bifurcation scheme. The hydrolyzed form does not, however,
derive from a preexisting substrate form of PAI-1. The
evidence collected in support of this statement is both
qualitative and quantitative. With enzyme in excess over
inhibitor, different amounts of hydrolyzed PAI-1 were
observed depending on whether tPA or trypsin was used (cf.
gels in Figures 2 and 5). The amount of hydrolyzed PAI-1
observed by SDSPAGE after reacting the inhibitor with
trypsin was dependent on the pH of the reaction medium
but independent of whether PAI-1 or trypsin was used in
excess (Figure 1). Moreover, the ratio of hydrolyzed to
complexed PAI-1 was independent of the reaction time with
both tPA and trypsin.

The Apparent Secor@rder and Limiting Rate Constants
for Acylation of Trypsin by Inhibitor and Substrate PAI-1
The apparent second-order rate constant for binding PAI-1
to trypsin,kapp Was determined to be 2.890.01 st uM~*
as described above. The rapid acid quenching technique and
SDS-PAGE were applied to determine the limiting rate
constant for acylation of trypsin by PAI-1. With 1M
trypsin and 1uM PAI-1, the rate constant for formation of
the stable complex was 19%s(Figure 2). The decrease of
free PAI-1 and the increase of minor amounts of scissile
bond hydrolyzed PAI-1 followed the same time course.
Increasing the concentration of trypsin to 20 had only a
small effect on the rate constant, which increased to 21 s
a value which was taken to represémqt for acylation of
trypsin by inhibitor PAI-1.

The second-order rate constant for productive binding of
substrate PAI-1 to trypsin was determined by the rapid acid
guenching technique, using subsaturating amounts of sub-
strate PAI-1 and catalytic amounts of trypsin. As expected,
this resulted in an exponential decay of substrate PAI-1 into
the scissile bond hydrolyzed product (Figure 3). The rate
constant reported in the figure legend, which equéls/

Km, gave an apparent second-order rate constant for produc-
tive binding of substrate PAI-1 to trypsikapp = KealKm =

2.9+ 0.1uM~ts1, on the basis of the enzyme concentration
used. This indicates that blocking loop insertion in PAI-1
has no effect on its overall reactivity with trypsin.

To measure the limiting rate constant for acylation of
trypsin by substrate PAI-1, single turnover measurements
were performed with trypsin in excess over substrate PAI-
1. Under such conditions, scissile bond hydrolyzed PAI-1
should increase by a single exponential with a rate constant
that approaches., at increasing concentrations of the
enzyme. Using %M trypsin and 1.6«M substrate PAI-1,
the rate constant observed for the formation of reactive center
bond hydrolyzed PAI-1 (Figure 4A) was-13 s!. To
attempt to saturate this rate constant and demonstrate that

concentrations of trypsin (10M) and Ac-TVASSSTA-complexed
PAI-1 (3uM) were used and that the reaction was monitored over
a shorter period of time. The reaction components were separated
by SDS-PAGE into (1) the acyl enzyme intermediate, (2)
unreacted, free, and noncovalently bound PAI-1, and (3) PAI-1

was quenched at pH 2 after the indicated times of incubation. The hydrolyzed at the scissile bond. The contents of the corresponding

reaction components were separated by SBAGE into (1) the

bands were quantitated and plotted against time. The solid lines

acyl enzyme intermediate, (2) intact unreacted and noncovalently represent single exponentials with the best fit exponential rate
bound PAI-1, and (3) PAI-1 hydrolyzed at the scissile bond. The constanty,s = 23 4+ 3 s! for the decay of unreacted PAI-HY),
relative amounts of the latter were plotted against time. The solid free or noncovalently bound, atkghs= 21 + 2 s71 for the growth

line represents a single exponential with the rate con$tant=

of PAI-1 hydrolyzed at the scissile bond), The acyl enzyme

12.74+ 0.3 s1. (b) The differences compared to (a) are that higher intermediate has been indicate@)(
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the faint, transient band observed at the migration position
for the stable complex formed with trypsin and inhibitor T r T " T o =1
PAI-1 is the acyl enzyme intermediate, the experiment was . _ Bia
repeated using @M substrate PAI-1 and 10M trypsin and
data was collected over a shorter time. As indicated by the
data in Figure 4b, this approach made transient accumulation
of the acyl enzyme intermediate more obvious. Throughout F ey ‘
the reaction only a fraction of total PAI-1 was confined to o w o w e o W:i
the acyl enzyme intermediate, indicating that acylation limits ;
turnover of trypsin with substrate PAI-1. On the basis of 108 162 216 270 324 432 540 648 864 1080
the individual quantitation of the bands carrying hydrolyzed Incubation time (ms)
and intact PAI-1, respectively, only a moderate increase to
21-23 st in the overall reaction rate was observed,
indicating that with a 1QuM concentration of the excess
reactant the system is nearly saturated and kiafor the
acylation of trypsin by substrate PAI-1 attains a value close
to the 21 s reported above for the acylation of trypsin by
inhibitor PAI-1. To investigate the effect of the excess tryp-
sin on the stable acyl enzyme formed with inhibitor PAI-1,
trypsin (10uM) was incubated with inhibitor PAI-1 (M)
and subjected to acid quenching after prolonged lengths of
time. A single-step degradation of the complex was observed
that resulted in a species running only slightly lower on the
gel than the complex first established and was completed 0 .
after only several minutes of incubation. ' j ' i

The Apparent Secor@rder and Limiting Rate Constants 0.0 0.2 0.4 0.6 0.8 10 12
for Acylation of tPA by Inhibitor and Substrate PAI- The Incubation time (s)
appa.re”t S?anq_order rate. constaapy for the' overall Ficure 5: Time course for acylation of tPA by inhibitor PAI-1
reaction of inhibitor PAI-1 with tPA was determined to be nger saturating conditions. Data were obtained by the rapid
13uM~' s as described in the Experimental Section. Ina quenching technique in combination with SDBAGE. The gel
subsequent experiment, the PAI-1 concentration was in-demonstrates the progressive formation of the stableRRA1
creased 100-fold to #4M and the reaction with M tPA acyl enzyme complex in the reaction ofd inhibitor PAI-1 with

; ; : ; ; . 2 uM plasmin-activated, two-chain tPA. The bands on the gel are
was monitored by the rapid quenching technique in combi (1) the tPAPAI-1 complex, (2) tPA, (3) unreacted PAI-1, free and

nation with SDS-PAGE (Figure 5). Despite the fact that  pgncovalently bound, and (4) PAI-1 hydrolyzed at the scissile bond.
the concentrations chosen do not sustain a pseudo-first-orde(The diffuse nature of the tPA band is caused by a heterogeneity
reaction, the stable acyl enzyme intermediate increased byin sialic acid content). The tPRAI-1 bands were quantitated and
a single exponential, suggesting that the reaction was Plotted against time ®). The associated solid line is a single

- . exponential with the best fit rate constdgts = 3.3 + 0.8 s
saturated. This was corroborated by the associated rateData obtained under identical conditions except for the use of a

constant, which was only 3.3 0.8 s* and consequently  commercial preparation of tPA (Activase), which contains mainly
was taken agk;m for the reaction of inhibitor PAI-1 with single-chain tPA, has been included)( The associated rate
tPA. We have previously reported that a rate constant of constant was determined kgs= 1.7+ 0.6 s™.

3.4 s! limits the fluorescence change associated with the

reaction of tPA with the P9 SerCys mutant PAI-1, carrying  shown to increase itis.o for the hydrolysis of chromogenic

a fluorescent label at the mercapto group, and which was substrates, a reaction limited by enzyme acylation, by a factor
shown to be associated with insertion of the RCL jfisheet of 2—3 (37). Rapid quenching measurements at pH 7.5 of
A (9). The almost identical limiting values for acylation PAI-1 binding to Activase instead of to two-chain tPA gave
and cleaved RCL insertion provide evidence that the two a limiting rate constant for acylation which was reduced
processes are limited by the same step. To investigate2-fold to 1.74 0.3 st (Figure 5).

whether this step depends directly on base catalysis by His- The apparent second-order rate constant for the overall
57, a rapid quenching study was performed at pH 6.15. At reaction of substrate PAI-1 with tPA was determined
this pH, kapp for binding inhibitor PAI-1 to tPA was found  spectrophotometrically using the competitive hydrolysis of
to be reduced to 1.6M~* s71. Despite this, acylation of  Spectrozym®&* as a reporter reaction (Figure 6). This
1.5uM tPA by 3uM PAI-1 was complete in less than 1 s, approach was both necessary and feasible because of much
indicating a significant increase ki, at pH 6.15 compared  lower k.5t and Ky, values than those for the corresponding
to that at pH 7.5 (cf. time scale in Figure 5). No attempts reaction with trypsin. Complete hydrolysis of substrate
were made to saturate the reaction or establish pseudo-firstPAI-1 (0.1 and 0.2:M) was observed as a lag in hydrolysis
order conditions. Further measurements were performed atof the chromogenic substrate. The data was evaluated as
pH 7.5 using a commercial preparation of tPA (Activase), described in the Experimental Section and gaye= 0.059
which contains sc- and tc-tPA in a proportion of about 8:2. s* and Ky = 0.024uM for the hydrolysis of the scissile
Unlike the single-chain precursor of most mammalian serine bond in PAI-1 by two-chain tPA. Using these numbers, the
proteinases, single-chain tPA is an active enzyme. Plasmincalculatedk,g,for binding substrate PAI-1 to tPA is 2.8/ 1
activation of tPA to its two-chain form, however, has been s™*. The 5-fold reduction ok.p,compared to that measured

12

Band content

T
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Ficure 6: Indirect photometric recordings of the complete hy-
drolysis of substrate PAI-1 by tPA, using a competitive chromogenic
substrate. The enzyme (0.0081) was reacted with O (top curve),
0.1 (center curve), and 0.2 (bottom curyé)l PAI-1 complexed
with Ac-TVASSSTA in the presence of 14M Spectrozym&A,

the hydrolysis of which was monitored at 405 nm (superimposed
white curves). The kinetic parameters for hydrolysis of substrate
PAI-1 were evaluated by fitting the implicit function in eq 1 to the
absorbance progress curves. With M substrate PAI-1\, was 0.0 - - . ;
evaluated to be 3.1% 104 uM st and with 0.2uM, it was slightly 20 40 60
lower at 2.74x 1074 uM s~1, whereak, was evaluated at 0.024

uM in both instances. The black lines represent eq 1 using best fit Incubation time (s)

parameter values.

0.5 1

Hydrolyzed PAI-1/Total PAI-1

o

FIGURE 7: Saturated time courses for hydrolysis of substrate PAI-1
with inhibitor PAI-1 indicates that the overall reactivity of by tPA under single turnover conditions. Data were obtained by

tPA with PAI-1, in contrast to that of trypsin, depends on the rapid acid quenching technique in combination with SDS
loop insertion. PAGE. The gel demonstrates the progressive hydrolysisd¥2

S S . . PAI-1 complexed with Ac-TVASSSTA by 8M plasmin-activated
If acylation is rate limiting, thekar determined with tPA yy5.chain tFI)DA under standard conditionggt ppH 7.5 (lane 1 has been
would indicate that the physiological target enzyme is included to indicate the position of the stable complex of tPA and
acylated at least 50 times more slowly by substrate PAI-1 inhibitor PAI-1). The quantitative evaluation of the gel reported
than by unmodified PAI-1. To obtain direct information Igml‘)a"?’f‘_t‘)f Pydrolytzekc; Pf'(')l()%)siyoaogg'g'le $ﬁp(inentla| with
abouft the relative_ rates of acylation and deacylation in the (.ﬁ V\?;S :)tg;ﬁnggnjn?je?sthe same cbnditics)ﬁs, bGUtOVV\\I/ﬁL CXQt/i‘\a/ase
reaction of tPA with substrate PAI-1, the Ac-TVASSSTA- nstead of plasmin-activated two-chain tPA. The corresponding rate
complexed substrate PAI-1 (@) was reacted with tPA (3  constant wag.ps = 0.0294 0.001 s1. The upper curve&) was
1) and he reacion wes Quenched at nrements of s sebaned s e s bt ol PRI v,
(Figure 7). Under such conditions and on the basik.qf ;‘iaﬁog_‘l’g WAk = o.gH: oA
and Ky, saturation of the Michaelis complex should occur
Wlt.hm less than_ 1 S IeaVI_ng a minimurm b tPA Tree. Table 1: Kinetic Parametér®etermined for the Reactions of
This concentration is 20 times &, which means thatthe  pa|_1 and Substrate PAI-1 with tPA and Trypsin
reaction monitored was the decomposition of a saturated e — Y
Michaelis complex into the hydrolyzed inhibitor and free tariit;nzyme kap;(:(z 5; ) :';"((g 0)59) 5 2”;)((/; 0)24)
enzyme. The gel in Figure 7, separating the reaction . : A vt
comyponents forr%ed at thg consecuti\?e 5-s i?ltervals, shows___YPsn 28(29 21(21) _7?5(_7'2)
that the decay of the Michaelis complex (dissociated into bca ?asletd on zef‘é“rec@e?ts at Pt';']_7-5?%‘;‘r? 0.15M lonI(E)tst_rength._th
free tPA and PAI-1 by SDSPAGE) occurred in a single- 225 8 55 &Fimiiep - YallIeS WITIIN parenineses were oblained Wi
exponential phase without accumulation of detectable amounts
of the acyl enzyme intermediate, indicating that the reaction  To investigate the possibility that loefsheet interactions
is not limited by deacylation. The rate constant determined prior to covalent bond formation contribute to the higher rate
for the process was 0.053%s very close to thekga of acylation of tPA by inhibitor PAI-1 than by the loop
determined with the competitive chromogenic substrate constrained substrate form, a stopped-flow experiment was
technique (0.059 ¥) and thereby confirming that the designed to compare the kinetics of the noncovalent binding
Michaelis complex was saturated. At pH 6.k, increased of the two PAI-1 forms to tPA. The experiment consisted
5-fold to 0.27 st (Figure 7), which is consistent with the of reacting the respective PAI-1 form (AM) with excess
corresponding data reported above for inhibitor PAI-1. Just tPA (1.8 uM) in the presence of Spectrozyftfe(80 uM).
as with inhibitor PAI-1 ki, decreased by a factor of 2 when On the basis of the acylation rates presented above, the half-
Activase was used instead of tPA (Figure 7). life of the Michaelis complex with respect to covalent bond
The kinetic parameters determined for the reactions of formation exceeds 200 ms with inhibitor PAI-1 and is much
inhibitor and substrate PAI-1 with tPA and trypsin are longer with peptide-blocked PAI-1. The data presented in
summarized in Table 1. Figure 8 show that the effect of the two PAI-1 forms on the
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Ficure 8: Inhibition of tPA by noncovalent binding of inhibitor
and substrate PAI-1. Stopped-flow photometric recordings of the
reactions of tPA (1.8M) with Spectrozym&* (80 uM) in the
absence (A) and presence (B) of substrate PAI-LNI) or (C)
inhibitor PAI-1 (1 «M). Note the coincidence of curve B and C
over the first 200 ms of the reaction, an interval in which enzyme
acylation is insignificant, and the progressive divergence of the two
curves in the course of enzyme acylation, leading to hydrolysis of
substrate PAI-1 with concomitant liberation of tPA and to a stable
complex with inhibitor PAI-1.

chromogenic reaction was virtually identical for the first 200
ms, rapidly reducing its rate by50%. This indicates that
over a period of time in which covalent bond formation is
only a minor factor, binding of the two PAI-1 forms to tPA
is virtually identical. After this initial phase, tPA was
progressively less inhibited by substrate PAI-1 than by
inhibitory PAI-1, which is consistent with the slow break-
down of the Michaelis complex formed with substrate PAI-1
(tz2 = 12 s) and the additional stabilization of the complex
formed with inhibitor PAI-1 through covalent bond forma-
tion.

DISCUSSION

The trapping of the acyl enzyme intermediate at low pH
in the reaction of trypsin with the peptide-blocked substrate
PAI-1 is a direct demonstration of the classical mechanism

Biochemistry, Vol. 37, No. 44, 19985499

Scheme 3

K Ko k}'E +I

E + |=—=El=—=E-~|
h‘

-1 -2

reactivity toward tPA with regard to forming the Michaelis
complex, which corroborates that inhibitor PAI-1 is charac-
terized by a fully extracted RCL, tPA was acylated 57 times
more slowly by substrate PAI-1 than by inhibitor PAI-1.
This is not consistent with the mechanism in Scheme 1, in
which loop insertion is triggered by an irreversible step of
enzyme acylation. If this mechanism were operative, loop
insertion could have no effect on the acylation rate constant,
which would be equal t&, with both inhibitor and substrate
PAI-1. The apparently controversial results obtained with
trypsin and tPA can be resolved by assuming that bifurcation
of the reaction is preceded by a readily reversible step of
enzyme acylation as indicated in Scheme 3. Following
saturation of the Michaelis complex, relaxation of the
reaction system in Scheme 3 will be governed by two
exponential transients. On the basis of a mathematical
description presented in ref 38, the corresponding rate
constants are the roots, andr,, of the quadratic equation

r2 —r(ko + koo + ki) + koky = 0, wherek; is the rate
constant for the irreversible step(s) and equalwith the
substrate serpin arid + k, with the unmodified inhibitor.

In most instances, > r,, such that; = k, + k—, + ki and

r, = kokir/r1. An exception occurs it > k_,. This situation,
however, would make the mechanism in Scheme 3 indis-
tinguishable from that in Scheme 1 and, hence, can explain
the results obtained with trypsin but not those obtained with
tPA.

In the reactions of tPA with PAI-1, the acyl enzyme
intermediate was not observed, either as a transient inter-
mediate (with substrate PAI-1) or as a burst phase of stable
complex formation (with inhibitor PAI-1). This means that
formation of the acyl enzyme is much slower than its
breakdown or stabilization, or, in terms of rate constants,
thatk—, + ki > k. It follows that the limiting rate constant

E-I

for serine proteinase catalysis, illustrated by the substratedetermined for acylation of tPA by inhibitor and substrate
branch in Scheme 1. The transient nature of the acyl enzymePAI-1 corresponds to,r the slower of the two transients,

intermediate emphasizes that, without the capability of loop
insertion, PAI-1 exposes a reactive center bond which is
highly susceptible to hydrolysis by trypsin, an enzyme which
is completely inhibited by unmodified PAI-1 and which is

now reduced to the expression in eq 2. Because blocking

Kim = T2 = koki/(K_; + ki) 2

the prototype for the PAI-1 physiological target enzymes, j-sheet A in PAI-1 did not affect the Michaelis complex
the tissue- and urinary-type plasminogen activators. The formed with tPA, the intrinsic forward reactivity of this

second-order and limiting rate constantey{ and Kkim)
governing formation of the stable complex of trypsin and
inhibitor PAI-1 were indistinguishable from those governing
formation of the acyl enzyme intermediate with trypsin and
substrate PAI-1. This shows that when trypsin is the target,
ki, k-1, andk; are indifferent to blocking position 4 jf-sheet

complex, symbolized bl in Scheme 3, should be the same

with inhibitor and substrate PAI-1, as it was when trypsin

was the target. On the basis of the limiting rate constant
determined for acylation of tPA by inhibitor PAI-%; is

3.3 stor larger (cf. eq 2). With substrate PAI&, equals

ks, which means that eq 2 can be solved for the ratio of

A of the serpin, in accordance with the mechanism in Schemek_, to ks. Using 3.3 s* for k; and 0.059 s for kjy, the

1. It further indicates that the reactive center is equally
exposed in inhibitor and peptide-blocked PAI-1 and that the
RCL is fully extracted fromB-sheet A in free PAI-1 and its
Michaelis complex with trypsin.

result isk_,/ks (= ko/kim — 1) = 56, which clearly indicates
thatk_, > ks. Hence, in the reaction of tPA with substrate
PAI-1, the Michaelis complex and the acyl enzyme can be
considered to establish an equilibrium which greatly favors

The corresponding data obtained with tPA, however, were the Michaelis complex. Further limitations are imposed by

different. Although the two PAI-1 forms exhibited the same

the observation (Figures 2 and 5) that the proportion of
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inhibitor PAI-1 that was hydrolyzed in the reactions with
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tPA, reported in Table 1, and in reasonable agreement with

tPA was much less than unity. Because this proportion is the K4 of 50 nM previously estimated for the binding of

given by ki/(ks + ki), we havek, > ks. With these
constraints, the relative effect of loop insertion on the limiting

PAI-1 to diisopropyl phosphofluoridate-inhibited tPA6)
and theKy of 5 nM reported for the interaction of PAI-1

rate constant for enzyme acylation by PAI-1 can be calculatedwith the inactive Ser-195Ala mutant tPA 89).

using eq 3. In eq 3 andke, are used to distinguish the

Kon kel k)
ot Koot (kg + )

k2k3 (k*21k4>>k3) k4 k_2
kK,+tky = kgl\k,tk,
(3)

limiting rate constants for acylation of tPA by inhibitor and

The physical basis for why tPA, but not trypsin, is acylated
faster by inhibitor PAI-1 than by the substrate form must be
traced to residues in tPA which are different or absent in
trypsin and which can have a strong influence on the inter-
action of the proteinase with PAI-1. Several serpin systems,
including that of PAI-1 and tPA, depend on exosite interac-
tions, either direct or via a template like heparin, for fast

substrate PAI-1, respectively. Eq 3 demonstrates that loopbinding to the physiological target proteinage,(20, 40).

insertion in PAI-1 will increase the limiting rate constant
for acylation of tPA by a factor which ranges frokn,/ks

to ky/ks depending on the relative magnitudekof andk.

If k-2 > ki, then the Michaelis complex and the acyl enzyme
formed with inhibitor PAI-1 approach the same unfavorable
equilibrium they establish when formed with substrate PAI-
1. This is the kinetic situation in which the system makes

optimal use of loop insertion to accelerate enzyme acyla-

tion.

A corollary of the serpin reaction mechanism is, however,
that all bonds between enzyme and inhibitor established in
the Michaelis complex must be broken or distorted before
strand 4, carrying the proteinase, can insert jfisheet A

and complete the inhibitory reaction pathO( 11). As a
consequence, to the extent that such exosite interactions
prevent dissociation of the proteinaserpin Michaelis
complex, they should also make it less prone to react in the
forward direction, if this involves breaking the exosite bonds.

The expression for the apparent second-order rate constant The salt bridge between Glu-350 (P# PAI-1 and Arg-
for PAI-1 binding according to the mechanism in Scheme 3 39 in tPA 0, 21) directly affects binding of the distal part
presented in eq 4a was derived with the assumption that theof the RCL to the active site cleft in tPA. This part of the

ka — klk2kir
P k71k72 + kflkir + kair

(4a)

RCL is firmly integrated with the main body of the inhibitor

(5, 6), a fact which makes bonds between this fragment and
the enzyme substrate pocket significant for several reasons.
They must be broken before the reaction can proceed toward

change with time of the intermediates is negligible compared scissile bond hydrolysis or acyl enzyme stabilization, and

to the depletion in reactants and growth of products.
Potential effects of loop insertion day, are more clearly
demonstrated by substituting the reduced expressiokyfor

in eq 2 into eq 4a:

klkiim

= ki )

stronger or weaker, they should have no effect on PAI-1
inhibitory efficiency. They will stabilize the Michaelis
complex toward both dissociation and acylation, the latter
by retaining thex-amino group on Pln the substrate pocket,
and facilitate the reverse deacylation. The proximal part of
the RCL, on the other hand, becomes covalently attached to
the proteinase in the acylation step, and additional bonds
between the enzyme and this part of the RCL will not

As mentioned above, the results with trypsin are consistentstabilize the Michaelis complex toward acylation. Strong

with Scheme 3 assuming thkt > k_, with this enzyme.
The corresponding expression fqp,is obtained by replac-
ing kim in eq 4b withk,. Hence, the mechanism in Scheme

interactions between the substrate pocket of the target enzyme
and the distal part of the RCL are likely to play a vital role
for the preservation of the scissile bond in the reaction of

3, but not that in Scheme 1, can explain the difference the canonical inhibitor and should have a similar influence
observed in the second-order rate constants for acylation ofin the reaction of PAI-1 with tPA. However, the much

tPA by inhibitor and substrate PAI-1, 13 vs 2/M 1 s %,

longer and more flexible proximal portion of the serpin RCL

as well as the absence of such a difference in the corre-compared to that of the canonical inhibitor will shift the
sponding rate constants for the reactions of the two PAI-1 equilibrium toward acylation by facilitating a separation of

forms with trypsin. Scheme 3 also explains why the
difference inkappis reduced relative to the differenceli,.
Using the values reported in Table 1 for the reaction with
tPA, that is, 3.3 and 0.053 5for ki, and 13 and 2.xM 1

st for kapp With inhibitor and substrate PAI-1, respectively,

the products of the acylation step. Our results indicate that
loop insertion provides an effective means for driving this
separation, reducing the half-life of the Michaelis complex
from 12 to 0.21 s. The substrate form of PAI-1 lacks such
means and should therefore have properties closer to those

we have the identity in eq 5. Evaluation of eq 5 sets the of the canonical inhibitor, with tight binding and slow

X k3.3 _, k,0.059
“\k,+33 “\k,+0.05

rate constant for dissociation of the Michaelis complex
formed with tPA tok_; = 0.27 s'. Substitutingk_; in eq

4b for 0.27 gives; = 14 uM~1 s, Thus, theKy for the
noncovalent binding of PAI-1 to tPA is 19 nM, consistent
with the K, of 24 nM for hydrolysis of substrate PAI-1 by

(5)

turnover, a prediction confirmed by this study.

Deacylation by the PIi-amino group is an unlikely event
once it has been separated from the enzyme substrate pocket
because of the high concentration of the competing water,
protonation of thea-amino group, and removal of the
enzyme through loop insertion. Nevertheless, our results
show that bifurcation of the PAI-1 reaction with tPA is
triggered by a reversible step of enzyme acylation. We must
therefore assume that bifurcation is triggered in the acyl
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enzyme intermediate, in which the distal fragment of the RCL a further increase would according to eq 4b have no impact
is still bound to the active site cleft. Therefokg,andk, in onkapp the “specificity” rate constant for PAI-1 binding. With
Scheme 2 become compound rate constants that, apart frontrypsin as target, on the other hand, the kinetic barrier
aqueous deacylation and loop insertion, respectively, accountseparating the Michaelis complex from the acyl enzyme
for the separation of the distal RCL fragment from the appears to be low such that loop insertion is of little help in
enzyme by two different mechanisms, its passive displace- crossing this barrier, consistent with the absence of strong
ment by bulk waterks) and the active separation achieved exosite interactions as well as with the broader specificity

by the pulling action of the inserting loop on the enzyme and higher reactivity of trypsin.

(ks). Support for this mechanism was provided by measure-

In conclusion, this study has demonstrated that insertion

ments performed at pH 6.15 instead of at pH 7.5 or which of the tPA-cleaved RCL of PAI-1 int@-sheet A of the
used the predominantly single-chain tPA contained in Ac- inhibitor, resulting in inhibition of the enzyme, is triggered
tivase instead of two-chain tPA. When the pH was reduced by a freely reversible step of enzyme acylation. Evidence

from 7.5 to 6.15kinn andkea, the limiting rate constants for

has been presented indicating that tight binding of the distal

acylation of tPA by inhibitor and substrate PAI-1, respec- part of the cleaved RCL of PAI-1 to tPA accounts for an

tively, both increased. This indicates thHai and ke.: are

intrinsically unfavorable acylation step and limits the rate

not limited by the covalent bond breaking steps in acylation of the overall reaction. Our data has provided evidence that
or deacylation, because these depend on a neutral His-5%the RCL of PAI-1 is fully extracted fronf-sheet A in the
and hence should be reduced at pH 6.15 compared to pHfree serpin as well as in its Michaelis complex with both
7.5. The observation that the proportion of hydrolyzed PAI-1 tPA and trypsin.

generated in the reaction with tPA did not increase at pH
6.15 compared to pH 7.5 provides additional support khat
andk, are limited by the same step. When Activase was
used as targeki,n andkgo: were both reduced by a factor of
2. According to eq 2kinn andk., are directly proportional

to k.. Hence, a highek; in the reactions of PAI-1 with two-
chain tPA than in those with the single-chain form can
explain the different limiting rates seen with Activasdt
would be consistent with the highelk.,; reported for
chromogenic substrate hydrolysis by two-chain tPA than that
for hydrolysis by the single-chain forn37).

The primary effect of the exosite interactions associated
with complementary charged amino acid residue side chains
in tPA and PAI-1 should be to increagg an assumption
consistent with the demonstration that mutant forms of tPA
which lack one or several of the positively charged residues
in the 37-loop exhibit reduced rates of inhibition by PAI-1
(17). If the exosite bonds remain intact in the Michaelis
complex—and this should apply at least to the bond between
the P4 Glu and Arg39 in tPA-they will hamper the
reactivity of the Michaelis complex in all directions that

depend on breaking the exosite bonds, such as forming a

stabilized acyl enzyme complex through loop insertion and
a concomitant translocation of the proteinase. This reduction
of the forward reaction rate, however, is more than offset

by a mechanism which uses the large free energy associated1q.

with loop insertion to decrease the potential of the acyl
enzyme intermediate relative to that of the Michaelis complex
(strand 4 must be completely extracted frghasheet A in
order to reestablish the scissile bond in a monomolecular
reaction step). Assuming that the relative magnitudes of rate
constants are not drastically altered at°87 it appears that
kim has been maximized, because it already exckedsnd

5The results at pH 6.15 and with Activase are consistent itk
k-, a possibility discussed in connection with eq 3. Becdusgk, >
ks, €q 2 reduces t&nn = kiko/k—2 andkea: = ksko/k—2, when expressed
for inhibitor and substrate PAI-1, respectively. The indentical relative
reduction inkinn andk.o: 0bserved with Activase would be due to a less
favorablek./k—_, ratio with the single-chain tPA. The faster acylation
of tPA by both inhibitor and substrate PAI-1 at pH 6.15 could be due
to a pH effect on the dissociative step commorki@ndks, or to a
lower K, of His-57 in the Michaelis complex than in the acyl enzyme,
which would increase thk/k_, ratio at pH 6.15 relative to that at pH
7.5.

SUPPORTING INFORMATION AVAILABLE

Detailed description of the rapid quenching apparatus and

its application in the continuous- and pulsed-flow modes (1
page). Ordering information given on any current masthead

page.
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