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ABSTRACT. The inhibition mechanism of serpins requires a change in structure to entrap the target proteinase
as a stable acylenzyme complex. Although it has generally been assumed that reactive center loop insertion

and associated conformational change proceeds

in a concerted manner, this has not been demonstrated

directly. Through the substitution of tryptophan with 7-azatryptophan and an analysis of transient reaction

kinetics, we have described the formation of an inh

ibited serpinteinase complex as a single concerted

transition of the serpin structure. Replacement of the four tryptophans of plasminogen activator inhibitor
type-1 (PAI-1) with the spectrally unique analogue 7-azatryptophan permitted observations of confor-

mational changes in the serpin but not those of

the proteinase. Formation of covalentragyhe

complexes, but not noncovalent Michaelis complexes, with tissue-type plasminogen activator (t-PA) or
urokinase (u-PA) resulted in rapid decreases of fluorescence coinciding with insertion of the reactive
center loop and expansion ffsheet A. Insertion of an octapeptide consisting of the-HA4 residues of

the reactive center loop int@-sheet A produced the same conformational change in serpin structure
measured by 7-azatryptophan fluorescence, suggesting that introduction of the proximal loop residues
induces the structural rearrangement of the serpin molecule. The atom specific modification of the
tryptophan indole rings through analogue substitution produced a proteinase specific effect on function.
The reduced inhibitory activity of PAI-1 against t-PA but not u-PA suggested that the mechanism of loop
insertion is sensitive to the intramolecular interactions of one or more tryptophan residues.

Serpins are a large superfamily of proteins which includes
the circulating serine proteinase inhibitors that play central

roles in processes as varied as blood coagulation, fibrinolysis,

complement activation, matrix remodeling, inflammation, and
also several inhibitors of cysteine proteinases and nonin-
hibitory serpins with diverse functions ranging from chap-
erones to hormone transpotf) ( All serpins share a highly
conserved tertiary structure consisting of thfesheets (A,

B, and C), 79 a-helices, and an exposed flexible reactive
center loop (RCL) comprising residues P1810. Unlike
other proteinase inhibitor families, which function by a “lock-
and-key” mechanism in which the RCL is presented to the
proteinase in a canonical conformation as a tight binding
substrate analogue, serpins employ a highly efficient suicide
substrate mechanism by kinetically trapping their target
proteinases in stoichiometric covalent acghzyme com-
plexes ).

The serpin inhibitory mechanism is dependent on an
extensive conformational change known as the “stressed
to “relaxed” (S— R) transition in which the RCL undergoes
rapid insertion intg3-sheet A following hydrolysis of the
P1-P1 scissile bond, which traps the proteinage-7).
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Reversibility of the enzyme inhibition reaction is thus
prevented by a large translocation of the covalently bound
proteinase, rapidly separating the P1 and Rsidues by
approximately 70 A §, 9). The final serpir-proteinase
complex is stabilized by complete insertion of the RCL,
which results in a distortion of the catalytic triad and a large
portion of the proteinase structur—<10). A report using
[*H-15N] HSQ NMR corroborates this notion and suggests
that steric compression and the distortion of the proteinase
structure is the basis for the kinetic trapping of the acyl
enzyme intermediatel{). Recently solved structures of the
initial Michaelis complex 12) and the final, inhibited
serpin-proteinase complex9f have been used to propose
mechanistic postulates for serpin action and the conforma-
tional changes during loop insertion. However, direct bio-
chemical evidence supporting the proposed sequence of
conformational transitions that define the serpin mechanism
and the serpinproteinase interaction is limited. Various
approaches using crystallography, ©, 12), site-specific
mutagenesis13—15), steady-state fluorescence resonance
energy transferl(), and fluorescent labeling of specific RCL
residues 4) (17—19) have provided strong evidence sup-
porting translocation of the RCL during the transition of the
Michaelis complex to covalent acyenzyme complex. It is
still unclear whether insertion of the reactive center loop into
pB-sheet A requires single or multiple structural transitions
in the serpin tertiary structure.
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Methodologies for probing structure/function relationships
and conformational changes of proteins often involve site-
directed mutagenesis and/or residue specific labeling with
fluorescent probe<( 13, 14, 20, 21). The limitation of these
approaches is that they require alterations of the protein,
which may affect function and/or monitor conformational

changes at the specific site of fluorescent probe attachment.

An alternative method is the biosynthetic incorporation of
non-natural amino acid analogues with altered spectral
properties for characterization of protein conformational
changesZ2—26). Tryptophan residues have commonly been
utilized as a sensitive intrinsic fluorescent probe for monitor-
ing the dynamics of conformational change. However, the
use of intrinsic tryptophan fluorescence when investigating
protein—protein interactions is difficult to interpret due to
fluorescence contributions of both protei23), Tryptophan
analogues provide a new basis for studying conformational
changes of a protein due to their interactions with other
tryptophan containing proteins because of the red-shifted
absorbance shoulder of the analogue allowing specific
fluorescence excitation. A number of investigators have
studied a series of synthetic tryptophan analogues with a
varying range of chemical and photophysical propert2s (
24, 28).

Using plasminogen activator inhibitor-1 (PAI-1) as a
paradigm for serpins, we have used the biosynthetic incor-
poration of 7-azatryptophan (7-ATrp) to develop a species
in which we can follow overall structural transitions. The
advantages of using PAI-1 as a model serpin in this study
over other serpins are severalfold. It contains two other
tryptophan residues in addition to the two that are highly
conserved in the serpin fold); All four residues are located
in regions of the molecule that would likely be inaccessible

to fluorescent probe labeling and are located near regions

believed to be mobile and directly involved in serpin
function. Thus, the combined fluorescence of these tryp-
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Ficure 1: lllustration of the structural changes and localization of
the tryptophan residues in PAI-1 following the stressed to relaxed
transition. The active (stressed) and cleaved (relaxed) structures of
PAI-1 are each depicted in two views with the same orientations.
The positions of tryptophan residues are indicated. fFfeheet
structures are indicated in yellow-helices are indicated in red,
and tryptophan residues are represented asofaked space-filled
models. The figure was generated in Swiss PDB Viewer (ver.
3.72b), using the coordinates for active PAI-1 (PDB code 1B3K,

tophan residues can report overall changes in the molecularchain A in ref30) and cleaved PAI-1 (PDB code 9PAI, r88).

structure without the limitations of a single tethered fluo-

rescent probe. The four Trp residues, 86, 139, 175, and 262

(PAI-1 numbering), are near the mobjestrands 1A and
2A (3), ono-helix F, in the conserved serpin breach region
at the point where the RCL first inserts, and a+helix H
near the C-terminal cleavage fragment, respectively (Figure
1) (14, 29—-33). Figure 1 illustrates the changes of overall
structure and position of the tryptophan residues in PAI-1
prior to and following cleavage of the RCL and the associated
stressed to relaxed transitioB({ 33). In addition to the red-
shifted absorbance, 7-ATrp shows high sensitivity to changes
in microenvironment and is quenched by water, making it a
highly useful probe for following protein conformational
changesZ?2). The incorporation of 7-ATrp into proteins, in

! Abbreviations: PAI-1, plasminogen activator inhibitor type 1;
7-ATrp PAI-1, 7-azatryptophan incorporated wtPAI-4;ACH, ou-
antichymotrypsin; RCL, reactive center loop; t-PA, tissue type plas-
minogen activator; (S195A)t-PA, Set Ala active-site mutant of tissue
type plasminogen activator; u-PA, urokinase plasminogen activator;
PCR, polymerase chain reaction; SDS-PAGE, sodium dodecy! sulfate
polyacrylamide gel electrophoresis; 7-ATrp, 7-azatryptophan; 5-OHTrp,
5-(hydroxy)tryptophan; F-Trp, 4-, 5-, or 6-fluorotryptophan; HEPES,
4-(2-hydroxyethyl)piperazine-1-ethansulfonic acid; EDTA, ethylene-
diame-tetraacetic acid; NBON,Ndi-methyl-N-(acetyl)N'-methyl(7-
nitrobenz-2-oxa-1,3-diazol-4-yl)ethylenediamine; MSA, methanesulfon-
ic acid.
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FIGURE 2: Tryptophan and 7-azatryptophan chemical structures.
Chemical structures were generated using the program CS Chem-
Draw Ultra (ver. 6.0).

effect, only replaces the C-7 carbon of the Trp indole ring
with a nitrogen, resulting in a protein in which the Trp
residues have similar van der Waals radii but an increase in
polarity and electron density around the N-7 nitrogen that
would permit the evaluation of local molecular interactions
(Figure 2) @8, 34, 35).

By using 7-ATrp as an intrinsic fluorescence probe, we
have directly observed the conformational changes during
the serpin inhibition mechanism, demonstrating a molecular
rearrangement of the serpin structure concomitant with
inhibition of a proteinase. Here we report fluorescence and
rapid kinetic studies for PAI-1 inhibition of its two physi-
ological target proteinases, t-PA and u-PA, that indicate a
concerted molecular rearrangemengesheet A, the F-helix,



Probing the Mechanism of PAI-1 Biochemistry, Vol. 41, No. 40, 200201999

and the breach region that coincides with RCL insertion and M9 minimal media 86) supplemented per liter with 2%
proteinase trapping without any prior conformational changes casamino acids, 0.01% thiamin, 2 mM Mg$0.4% glucose,
due to formation of the noncovalent Michaelis complex. In 0.4% glycerol, 0.1 mM CaGJ| and 0.02 mMcL-Trp. Cells
addition, we observed a reduction in the rate of conforma- reached a limiting density after16 h of incubation at 37
tional change and inhibitory efficiency of 7-ATrp PAI-1  °C and consumption of all availableTrp (~ODgg 0.8—
against t-PA but not u-PA, demonstrating sensitivity of the 1.0), after whicloL-7-ATrp was added to a final concentra-
PAI-1 structure to localized atom level mutations in the Trp tion of 0.5 mM. Following a 10 min incubation in the
residues that are target-proteinase-specific. presence of 7-ATrp, protein expression was induced by IPTG
for 2—3 h, and cell lysates were harvested as described
EXPERIMENTAL PROCEDURES above. PAI-1 protein concentrations were measured at 280
Materials. Unless otherwise indicated, all spectral and nm, using an extinction coefficient of 0.93 mL migcm™?
kinetic measurements were performed at pH 7.4 an8@25  and aM; of 43 000 B7—38) or by the Bradford dye-binding
in a reaction buffer with an ionic strength of 0.15 and assay (Bio-Rad) using purified wtPAI-1 as a stand&®).(
containing 30 mM HEPES, 0.135 M NaCl, 1 mM EDTA. Human recombinant t-PA (Activase) and the (S195A)t-
Acrylic sample cuvettes were coated with 0.1% poly(ethylene PA, the active-site (Ser> Ala) mutant at residue 195 was
glycol) for reduction of protein adsorption. Spectozyife  kindly provided by Genentech Inc. (San Francisco, CA). The
(CH3SO,-D-HHT-Gly-Arg-pNA) and Spectrozyni& (Cho- predominantly single chain t-PA was converted to the two-
L-(y)Glu(a-t-BuO)-Gly-ArgpNA) were from American Di- chain form by treatment with immobilized plasmin as
agnostica Inc. (Greenwich, CT). Chromatography materials previously described7§. Human recombinant high molecular
and the ECH-Plus Western Blotting detection kit were from  weight u-PA was provided by Abbott Laboratories (Chicago,
Amersham Pharmacia Biotech (Uppsala, Sweden). PancreatidL).
elastase andL-7-azatryptophan were from Sigma, and  Western Blot Analysis of PAI-1 Background Expression.
L-tryptophan was from Fisher Biotech. Restriction enzymes Background protein expression was quantified by comparing
were from Promega. Oligonucleotides were synthesized andPAI-1 expression before and after induction. Duplicate
provided HPLC purified by Cruachem. Methanesulfonic acid expression cultures were prepared essentially as described
was obtained from Fluka Biochemika. All other reagents above in 0.5 L volumes. Prior to induction, one culture was
were of analytical reagent grade or better and obtained fromharvested and stored at°€, while the other was supple-
Sigma or Fisher Biotech. Rabbit polyclonal anti-human mented with 7-ATrp and induced for an additidBah with
PAI-1 antibody was obtained from Molecular Innovations, IPTG. The total protein in bacterial lysates was normalized
Inc., and anti-rabbit IgG-HRP conjugate was from Santa Cruz to anAgg 0f 0.7 for both the pre- and post-induction samples
Biotechnology, Inc. and diluted in standard HEPES buffer to a concentration of
PAI-1 Variants and t-PA ProteinRecombinant human 23 ug/mL using an extinction coefficient of 1.0 at 280 nm
PAI-1 was a generous gift from Dr. David Ginsburg (Howard and then mixed 3:1 with 4 concentrated SDS-PAGE
Hughes Medical Institute, Ann Arbor, MI) and provided as loading buffer (17.3:g/mL final concentration). Samples of
a clone without the signal peptide in the vector pET-3a. The 15 uL were resolved by 10% SDS-PAGE under reducing
PAI-1 insert was amplified by PCR using the forward and conditions on duplicate gels and either stained or transferred
reverse primers'S5GTTTCCCTCTAGAATTCATTTTGTT- to PVDF membranes. Western blots were developed by first
TAACTT-3" and B-GTGGCAGCAGCCAACTAAGCTTC- blocking in 0.038 M NaHPQ,, 0.011 M NaHPQ,, 0.145
CTTTCGGGC-3to introduce EcoRI and Hindlll restriction M NaCl, 0.5% Tween-20, 1.0% Triton X-100, pH 7.5 (PBS-
sites, respectively. The amplified PAI-1 was subsequently T), containing 5% milk w/v for 60 min. The blot was reacted
restriction cut with EcoRI and Hindlll and ligated into pET- with 1.2 mg/mL anti-PAI-1 polyclonal Ab (1:10,000) in
24d (Novagen). For expression ischerichia coli PAI-1 PBS-T containing 5% milk for 60 min, followed by two
was transformed into the host BL21(DE3) pLysS (Novagen) washes in PBS-T, and then incubation with anti-rabbit IgG-
and cultured in LB media to an QR of 0.3—0.5 prior to HRP conjugate (1:10,000) for another 60 min. After three
induction of protein expression f@ h by theaddition of washes in PBS-T, the blot was developed using the-Halus
IPTG to a final concentration of 1 mM. Bacterial lysates chemiluminescence detection kit per manufacturer’s instruc-
were obtained by the lysozyme-freeze/thaw method of tions and Kodak BioMax-ML film. Analysis of the immu-
Sambrook et al.36). The soluble active and latent PAI-1  noblot bands were performed on a Gel Doc Imaging system
fractions were purified and separated by heparin-, phenyl-, and quantified using the Quantity One software package
and SP-substituted sepharose chromatography as previousl{Bio-Rad).
described §7). Biosynthetic incorporation of 7-ATrp into Analysis of Analogue Incorporation Efficiencihe pro-
PAI-1 required the use of an auxotrophic strair&sicheri- cedure to determine analogue incorporation was based on a
chia coli, W3110rrpA8§DE3), provided by Dr. Thomas methodology under development and information provided
Heyduk at St. Louis University Medical School and modified by Glenn Abbott (in the laboratory of A. G. Szabo, Depart-
such that the tryptophan operon is delet@@)( The host ment of Chemistry, Wilfrid Laurier University, Waterloo,
strain was further modified by the introduction of the pLysS Ontario) (personal communcation). Amino acid hydrolysis
plasmid (Novagen) containing the gene for T7 lysozyme, a using methanesulfonic acid (MSA4Q) and analysis of the
repressor to the T7 promoter, to reduce background expres-aromatic residues by analytical reverse phase HPLC were
sion prior to analogue supplementation. We utilized the one- used to determine analogue incorporation. A total of 2.9 mg
step method for incorporation of 7-ATrp as described by of 7-ATrp PAI-1 was dialyzed into 0.3 M ammonium acetate
Ross 22) with the following modifications. In brief, host  pH 6.0 (NH/OAC), snap frozen in liquid B and lyophilized.
cells containing PAI-1 pET-24d constructs are cultured in The lyophilized protein was resuspended in 200f milliQ
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H.0, transferred into an 8 mm 60 mm vacuum hydrolysis
tube, and mixed with 4@L of 4 M MSA. Hydrolysis was
carried out for 24 h at 118C and the reaction quenched
with 44 uL of 4 M KOH prior to being shap frozen in liquid
N, and lyophilized.

Analytical HPLC was carried out on a Waters model 600/

Blouse et al.

Functional Inhibitor Concentration and SDS-PAGE Analy-
sis of the Substrate Pathwakhe stoichiometry of inhibition
(S.1.), defined as the number of moles of inhibitor required
to inhibit one mole of proteinase, was determined from
residual proteinase activity following reaction with wtPAI-1
or 7-ATrp PAI-1. Reactions containing 200 nM t-PA or u-PA

600E pump and controller system connected to a model 991Were preincubated in a 1Qa volurr:)e of 30 mM HEPES,
photodiode array detector set to monitor UV absorbance 0-135 M NaCl, 1 mM EDTA, 0.1% PEG, pH 7.4, with
between 200 and 400 nm. The hydrolyzate was resuspende@1-8-fold concentrations of wtPAI-1 or 7-ATrp PAI-1 for

in 100xL of 0.15 M NH,OAc, pH 6.0, and 2@L was mixed
with either 10uL of 0.15 M NH,OAc or 10uL of known
concentrations of Trp and 7-ATrp standards diluted in 0.15
M NH4OAc, followed by injection onto a Beckman Ultra-
sphere C-18 reverse phase colummi®, 0.46 cmx 25 cm
i.d.) using a 2QuL sample injection loop. Aromatic amino
acids were separated essentially as descridéy ysing a
1.0 mL/min flow rate and a 30 min linear gradient from
100% solvent A (0.07 M sodium acetate, 5% methanol and
0.25 mL/L triethylamine, pH 4.5) to 100% solvent B
(methanol). Concentrations of Trp and 7-ATrp in the
hydrolyzate were determined by internal standard addition.
The integrated absorbance of Trp and 7-ATrp elution peak

at 280 and 295 nm were plotted against the concentrations

of the internal standards and fitted by linear regression.
Relative concentrations of Trp and 7-ATrp were calculated
using the slopes of the linear regressions from the standar
addition and the integrated absorbance of Trp and 7-ATrp

elution peaks in the absence of added standard. To confirm

that MSA does not degrade Trp or 7-ATrp during the amino
acid hydrolysis reaction, 0.8mol of Trp and 7-ATrp free
acid standards was subjected to identical hydrolysis condi-
tions as used for 7-ATrp PAI-1, with and without the addition
of 4 M MSA. Reverse-phase HPLC analysis indicated that
100% of the Trp and 99.1% of the 7-ATrp was recovered
under our hydrolysis conditions (data not shown).

Peptide-Blocked Substrate PAIThe complex of 7-ATrp
PAI-1 and Ac-TVASSSTA, which functions as a substrate
for t-PA, was prepared essentially as describgdli( brief,
peptide-blocked PAI-1 was prepared by mixing 0.5 mL of
20uM 7-ATrp PAI-1 in 5 mM NaPi, 0.345 M NacCl, and 1
mM EDTA (pH 6.2) with 0.5 mL of 2 mM Ac-TVASSSTA
contained in standard HEPES buffer for 260 h at°Z5
Formation of octapeptide-blocked species was monitored
over time by reacting 1@L samples with excess t-PA and

60 min at 25°C. Reactions were subsequently diluted into
1 mL of reaction buffer containing 0.1 mM of the appropriate
chromogenic substrate (Spectrozyther Spectrozym'é)
and initial reaction rates monitored at 405 nm. Residual
proteinase activity was plotted versus the molar ratio of PAI/
proteinase, and the S.l. was calculated from the extrapolated
x-intercept of the best-fit linear regression to the data. S.I.
determinations were repeated at least twice and are reported
as averages of replicate experimeftsS.E.M.

SDS-PAGE analysis of wtPAI-1 or 7-ATrp PAI-1 (a\)
reactions were carried out following incubation atZ5in
reaction buffer for 15 min with t-PA (4M) or u-PA (4

s4M). Reactions were quenched with 18;A50f 0.2 M HCI,

followed by concentrated electrophoresis buffer to a final
concentration of 1% SDS. Typically 3@&0 uL of the
guenched reactions were resolved by 10% SDS-PAGE,

gstained, and digitized for band density analysis as described

elsewhere ). Band densities for unreactive (latent) and
cleaved PAI-1 were quantitated as describ&dapnd com-
pared to those of parallel reactions in the absence of t-PA
or u-PA. Data are reported as averages of at least three
independent experiments S.E.M.

Apparent Second-Order Rate Constants for Binding of
PAI-1 and 7-ATrp PAI-1 to t-PAThe apparent bimolecular
rate constantk,pp, for the irreversible inhibition of t-PA or
u-PA by wtPAI-1 and 7-ATrp PAI-1 were determined by
the competitive kinetic methodt®) with the chromogenic
substrates Spectrozy#feand Spectrozym (0.5 mM). The
procedure is described elsewhere19) with the following
concentrations used for wtPAI-1 (100 nM) or 7-ATrp PAI-1
(100-250 nM) and t-PA or u-PA (1620 nM). Inhibition
progress curves were monitored at 405 nm and were fit by
a single-exponential function with a linear component to
obtain the pseudo-first-order rate constpds The second-
order bimolecular rate constant was obtained by dividing
by the functional inhibitor concentration (i.e., inhibitor

resolution on 10% SDS-PAGE. The final product was concentration divided by the S.B3) and then multiplying
determined to be greater than 95% substrate and subsequentlyy the factor 1+ [So)/Kw to correct for the competitive effect

desalted o a 5 mLHiTrap G-25 column (Pharmacia) to
remove excess peptide.

Circular Dichroism Spectroscopyrar- and near-UV CD
spectra were measured with an Aviv 60DS Circular Dichro-
ism Spectrometer with a peltier controlled cell holder and
running IGOR Pro 3.02 software (Wavemetrics). Protein
concentrations of active and latent wtPAI-1 or 7-ATrp PAI-1
were from 8 to 1QuM to yield an Ay of 0.8 in a buffer
containing 50 mM NaPi and 0.15 M NaF adjusted to pH
6.6. Spectra were subsequently normalized by protein

of the substrate in the serpifproteinase reaction. Data are
reported as averages of at least three independent experiments
+ S.E.M.

Fluorescence Spectroscopy and Stopped-Flelwores-
cence measurements were recorded on a SLM 8000 Spec-
trofluorimeter. The excitation wavelength used for studying
the fluorescence of 7-ATrp PAI-1 was 315 nm and the
emission spectra were scanned from 325 to 425 nm. The
excitation wavelength for wtPAI-1 was 295 nm, and the
emission was scanned from 310 to 460 nm. For assays of

concentration. Far and near-UV CD spectra were obtained PAI-1-t-PA covalent complex formation, 7-ATrp PAI-1 (0.5
by scanning from 260 to 195 nm or 320 to 250 nm using 2 uM) was reacted with t-PA or (S195A)t-PA (10M) in
or 5 mm cuvettes, respectively. All spectra are reported as areaction buffer for 10 min to ensure a complete reaction prior

three-scan average with a 15 s integrationravé nmstep
resolution.

to initiating the emission scan. For reactions with elastase,
7-ATrp PAI-1 (0.5uM) was incubated for 25 min in the
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presence of elastase (QuM) prior to recording emission  loop prior to quenching with 0.2 M HCI to a final pH of
data. Octapeptide-blocked 7-ATrp PAI-1 (/M) spectra 2.0, neutralization with 1.0 M NaOH, and resolution by 10%
were recorded before and after insertion of Ac-TVASSSTA. SDS-PAGE. Acid quenching to pH 2.0 protonates the His57
All emission scans are averages of three independent dataesidue of the serine proteinase catalytic triad, freezing the
collections wih a 5 sintegration ovea 1 nmstep resolution. reaction {). Electrophoresis gels were stained with Gelcode

For assays of spontaneous inactivation, 7-ATrp PAI-1 (Pierce), and digital images of the trans-illuminated gels were
(0.5-1.0uM) and wtPAI-1 (0.54M) were incubated at 25  recorded in the dark using a CCD camera (Bio-Rad GelDoc).
°C in reaction buffer with emission spectra collected at The rapid acid quenching technique and analysis of the
various time points. The data were normalized using the reaction products (PAI-1-PA complex and RCL cleaved
relationship E — Fo)/F,, whereF is the total fluorescence  PAI-1) from digitized SDS-PAGE gels is described else-
of the emission peak at each time interval &gds the initial where {). To obtain thek;, value for formation of the
fluorescence emission. Normalized data were analyzed byinhibited complex, reaction progress curves were analyzed
nonlinear least-squares fitting to the function of a first-order by nonlinear least-squares fitting to the function of a first-
reaction to obtairk,ns The half-life for spontaneous inactiva- order reaction and reported as averages of at least three
tion is described by the equation Inkg)s = ti». Data are independent experiments S.E.M.
reported as averages of at least three independent experiments
+ SEM. RESULTS

Stopped-flow fluorimetry was measured on an Applied  Biosynthetic Incorporation of 7-ATrp into PAL-1A
Photophysics SX.18MV Stopped-Flow Reaction Analyzer suitable approach for incorporation of non-natural amino
with a thermostated syringe chamber. Excitation was at 315acids is through recombinant protein expression in an
nm, and a filter with a cutoff below 335 nm was used to auxotrophic strain oE. coli. To determine whether 7-ATrp
monitor fluorescence emission. Stopped-flow experiments analogue incorporation affects protein expression, expressions
were carried out as previously described under pseudo-first-supplemented with-Trp or bL-7-ATrp were compared by
order conditions with t-PA or u-PA in excess over 7-ATrp 10% SDS-PAGE and western transfer, followed by immu-
PAI-1 (0.125-0.25uM) (4). The value fokspswas obtained  noblot analysis with polyclonal rabbit anti-PAI-1. As previ-
by fitting the fluorescence change in the stopped-flow traces ously observed with other protein22), soluble PAI-1
to a single-exponential decay function. The data were expression in the presence of-7-ATrp was reduced
analyzed assuming the two-step binding mechanism of serpincompared to that observed when the media were supple-
inhibition (44) for which the dependence kf,son proteinase  mented withL-Trp (data not shown). The efficiency of
concentration is described by the function for a rectangular 7-ATrp analogue substitution was quantified by subjecting

hyperbola 7-ATrp PAI-1 protein to acid hydrolysis with MSA, which
does not degrade Trp residud®), and then separating the

Kpo= Kim x [El, aromatic residues by analytical reverse phase HPAL}. (

bs Ku + [El, Retention times for 7-ATrp (11.46 0.06 min) and Trp

(15.094+ 0.13 min) from 7-ATrp PAI-1 hydrolyzates were
where [E] is the proteinase concentratidgy, represents the  consistent with free acid standards and previous observations
apparent 1st order rate constant for the formation of an (41)(Figure 3).
inhibited serpin-proteinase complex, arily is the concen- Quantitative analysis indicated that the 7-ATrp PAI-1
tration of proteinase at whickops reaches one-half dfyn, preparation was 73.7% substituted with 7-ATrp. It has been
and is given byK 1+k»)/ki, wherek; andk-, are the forward reported that decreased analogue incorporation efficiency can
and reverse rate constants for formation of the noncovalentbe attributed to “leaky” promoters2p), and it is possible
Michaelis complex, respectivelyl (14, 44). that the presence of native Trp in the 7-ATrp PAI-1 prepara-

SDS-PAGE Analysis of Spontaneous Inatton. Wild- tion was due to wtPAI-1 molecules that arose from back-
type PAI-1 and 7-ATrp PAI-1 (4M) were incubated at 25  ground protein expression. We measured the background
°C in parallel. At the various time points, 28_ aliquots WtPAI-1 expression by comparing expression levels in the
were removed and mixed with 28 of t-PA (8 uM) to auxotrophicE. coli strain before and after induction. Pre-
yield final reaction concentrations of 2 andu#/, respec- and post-induction samples were compared by 10% SDS-
tively. Following a 15 min incubation, reactions were PAGE and western transfer (Figure 4A,B). Quantitative
guenched with 18.7%L of 0.2 M HCI, followed by immunoblot analysis indicated that only 2.5% of the total
concentrated electrophoresis buffer to a final concentration PAI-1 protein was expressed prior to supplementation with
of 1% SDS. Typically 36-40 uL of the quenched reactions  7-ATrp and IPTG induction. Thus, native Trp incorporated
were resolved by 10% SDS-PAGE, stained, and digitized into 7-ATrp PAI-1 could likely be attributable to residual
for band density analysis as described elsewh@rd&gaction endogenous Trp present in tBecoli before IPTG induction
product band densities were analyzed by nonlinear least-and protein turnover post-IPTG induction. This would lead
squares fitting to the function of a first-order decay reaction to a random distribution of native Trp incorporation among
to obtainksps andti, was determined as described above. the four residue positions. A variable tolerance for 7-ATrp

Limiting Rate Constant for the Formation of the Inhibited substitutions at specific Trp positions would lead to a non-
Serpin-Proteinase ComplexThe rate of formation of the  random distribution of the residual native Trp. Despite the
inhibited serpin-proteinase complex of t-PA and 7-ATrp fractional Trp presence, incorporation of 7-ATrp into PAI-1
PAI-1 was determined using the rapid acid quenching produced a red-shifted absorbance spectrum that per-
technique. Reactions containing 7-ATrp PAI-1 (2M) and mitted specific excitation at 315 nm, a wavelength at which
t-PA (1.0 uM) were reacted for various times in an aging natural Trp does not absor23). Thus, residues replaced
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0 6 8 10 12 14 16 18 Ficure 5: Absorbance spectra of wtPAI-1, 7-ATrp PAI-1, and
: ; P t-PA. Absorbance spectra were recorded at a concentration of 10

Retention Time (minutes) uM in standard HEPES buffer. Spectra were subsequently normal-
FiGURe 3: Reverse-phase HPLC of the 7-ATrp PAI-1 hydrolyzate. ized to an absorbance of 1.0. The arrow indicates the excitation
Elution of amino acids following hydrolysis of 7-ATrp PAI-1 with ~ wavelength at 315 nm for 7-ATrp PAI-1. 7-ATrp PAI-1, solid line;
MSA for 24 h at 115°C was performed on a C-18 RP column WtPAI-1, dashed line; t-PA, dotted line.
using a linear gradient of 0.07 M sodium acetate, 5% methanol,
and 0.25 mL/L triethylamine, pH 4.5, to 100% methanol as
described in Experimental Procedures. Sample volumes @i 20
were injected and the amino acids detected using a photodiode array
detector (200 nm-400 nm). The represented elution profile at 295
nm indicates the retention times of Trp and 7-ATrp in the absence
of added free acid standards. The absorbance of Tyr and Phe is
undetectable at 295 nm. The dashed line represents the linear
gradient profile.
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Ficure 4: SDS-PAGE and Western blot analysis of pre-induction 250 260 270 280 290 300 310 320

wtPAI-1 expression. Background wtPAI-1 protein expression was
guantified by comparing 7-ATrp PAI-1 expressions before and after Wav.elength .(nm).
induction as described in Experimental Procedures. Panel A: A FIGURE 6: Far and near-UV circular dichroism spectra of 7-ATrp

total of 15‘ML of each Samp|e was resolved by 10% SDS_PAGE’ PAI-1 and WtPAI-l Far and Near-UV CD prOfI|eS Were. I’ecor.ded
WtPAI-1 (2.5 ug/mL), lane 1; pre-induction lysate (17:@)/mL), at a concentration of 810 uM and 25 °C as described in
lane 2; post-induction lysate (17:8)/mL), lane 3; 10x wtPAI-1 Experimental Procedures. Panel A: Far-UV CD, 7-ATrp PAI-1,
(25Hg/m|_), lane 4. Panel B: Western blot analysis of the duplicate solid line; wtPAI-1, dashed line; |atentWtPA|'1, dotted line. P_anel
gel to that shown in panel A, WwWtPAI-1 (2@/m|_)’ lane l’ pre- B: Near-Uv CD, 7-ATrp PAl-l, solid ||ne; WtPAl-l, dashed ||ne;
induction lysate (17.3g/mL), lane 2; post-induction lysate (17.3 latent wtPAI-1, dotted line.

ug/mL), lane 3. The 10x wtPAI-1 lane is not shown due to the . . . . .
over-exposure on the blot. Band density analysis is described in compromised following analogue incorporation. For th_'s
the text. purpose we collected far and near-UV CD spectra of active
7-ATrp PAI-1 compared with those of active and latent
by 7-ATrp are specifically excited without exciting Trp  wtPAI-1 controls at 25C. The far-UV CD spectra of active
residues on other proteins such as t-PA or PAI-1 (Figure 5). and latent wtPAI-1 are aligned with 7-ATrp PAI-1 and shown
Biochemical Characterization of 7-ATrp PAI-Eor any in Figure 6A. As previously observed, both active and latent
approach that utilizes a mutant or altered form of the protein, wtPAI-1 had comparable far-UV CD profiles indicating
it is important to determine if the structural integrity is minimal changes in overall secondary structure in response
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Table 1: Kinetic Parameters for 7-ATrp PAI-1 and WtPAI-1

t-PA u-PA
Kapp S.L cleaved Kapp S.L cleaved tz0f latency
PAI-1 (uM~1sh (mol I/mol E) (%) uM~ts? (mol I/mol E) (%) (hr)
WtPAI-1 154+ 1.4 1.2+ 0.01 6.4+ 1.3 8.1+ 0.7 1.2+ 0.1 56+ 1.2 13.6+ 2.8
(17.8+ 2.4)
7-ATrp PAI-1 3.3£0.2 1.2+ 0.01 11.8+ 0.4 8.4+ 0.7 1.4+ 0.1 10.2+ 0.6 36.9+1.2
(29.6+1.7)

aKinetic parameters were determined in 0.03 M HEPES/0.135 M NaCl/1 mM EDTA at pH 7.4 at@. 29| data are reported as averages of
at least three independent experime#t§S.E.M.? Values are taken from experiments following the active to latent transition with fluorescence.
Those in parentheses are calculated from experiments monitoring loss of inhibitory activity.

to the active to latent transition and RCL insertierb)( A 0s |’ T T T T T ]
similar CD profile was observed with 7-ATrp PAI-1,
suggesting that analogue incorporation does not significantly
alter PAI-1 secondary structures. The small deviations
between the wtPAI-1 and 7-ATrp PAI-1 spectra could reflect
spectral properties of the 7-ATrp probe since far-UV CD
spectra has been shown to be sensitive to aromatic side chains
(46). The near-UV CD, which is mainly attributed to the
three aromatic residues Trp, Tyr, and Phe, showed an
expected difference in mean residue elipticity in the region
of 260—300 nm, consistent with alterations of the local Trp
environments upon probe incorporation (Figure 6B).
Although there was no overall effect on the structural fold
of 7-ATrp PAI-1, replacement of Trp residues with 7-ATrp
did affect the inhibitory function of PAI-1 by reducing the
apparent second-order rate constégjyfor t-PA inhibition
by 7-ATrp PAI-1 (Table 1). Consistent with our previous
observations 4, 7), the kap, of the WtPAI-1 control was
determined to be 154 1.4uM~! s, whereas théqp, for
7-ATrp PAI-1 was reduced to 3.3 0.2 uM™* sL In
contrast, inhibition of u-PA by 7-ATrp PAI-1 was not
affected by the analogue incorporation and was consistent
with wtPAI-1 controls (Table 1). Single-point mutations that
affect the inhibitory activity of PAI-1 toward t-PA but not

A Fluorescence

A Fluorescence

u-PA have been observe@Q47, 48), but often primarily 00, | : | . L ]
resulted in the cleavage of PAI-1 as a substrate by t-PA but 330 345 360 375 390 405 420
not u-PA @8). Despite the decrease in the inhibitory Emission Wavelength (nm)

efficiency of PAI-1 upon incorporation with the 7-ATrp, we Ficure 7: Altered fluorescence of 7-ATrp PAI-1 due to local

did not observe any significant effects on the S.I. compared ¢onformational changes. Panel A: Fluorescence emission spectra
to that of wtPAI-1 controls (Table 1). The S.I. values are (excitation at 315 nm) of 7-ATrp PAI-1 (0.6M) were recorded

greater than the theoretical 1.0 expected for a 1:1 complexin the absence of (solid line) or following reaction with elastase
of serpin and proteinase due to the bifurcating pathway with (0:14M) (dashed line), t-PA (1.aM) (dotted line), or (S195A)t-

. PA (dasheddotted-dashed line), as described in Experimental
one branch leading to covalent complex and the other to p.cedures. Emission spectra of latent PAI-1, dashiedted-

cleaved serpin43, 49). To further investigate the relative  dotted-dashed line. Panel B: Fluorescence emission spectra
amount of cleaved PAI-1 formed in the reaction with t-PA (excitation at 315 nm) were recorded prior to the addition of Ac-

or u-PA, wtPAI-1 and 7-ATrp PAI-1 were reacted with a TVASSSTA octapeptide (2 mM) (solid line), directly following

_ _ _ ; octapeptide additiont(= 0) (dotted line), and after complete
2-fold molar excess of t-PA or u-PA for 15 min to ensure nsertion as strand s4A ¢#-sheet A (dashed line). Insertion of

complete reaction and subsequently analyzed by _SDS'PAGEloctapeptide Ac-TVASSSTA is described in Experimental Proce-
and band density analysis. 7-ATrp PAI-1 indicated an dures. All emission profiles are averages of three independent
increased amount of hydrolyzed PAI-1 (118 0.4%) experiments. Relative percent changes in fluorescence are described

compared to that of wtPAI-1 with only 6.4 1.3% of the  in the text and reported as an averaged vatu8.E.M.
PAI-1 being hydrolyzed and not trapped in an acghzyme ) ) )
complex with t-PA (Table 1). The amount of 7-ATrp PAI-1  Reaction of 7-ATrp PAI-1 with t-PA and formation of the

cleaved by u-PA was comparable to experiments with t-PA 8Cyl-enzyme complex resulted in a 26t13.3% quench of
(Table 1). fluorescence with a broad peak at 364 nm, slightly blue-

FluorescenceTo determine whether conformational changes 366 nm (Figure 7A).

in PAI-1 could be detected by 7-ATrp as an intrinsic Since there are no Trp residues directly on the RCL, the
fluorescence probe, emission spectra in the absence anabserved fluorescence change upon proteinase binding
presence of a 2-fold molar excess of t-PA were recorded. reflects either environmental shifts localized near individual
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Trp residues or direct spectral perturbation by the proteinase. T T T T T T 1
To determine if the change is due to loop cleavage and
insertion, emission spectra were recorded before and after
reaction with catalytic amounts of elastase. Elastase cleaves
PAI-1 at the P3-P4 peptide bond of the RCL permitting
loop insertion without formation of a covalent acy@nzyme
complex 60). The resulting PAI-1 species serves as a
conformational model with the cleaved RCL inserted as
strand s4A ofs-sheet A. As shown in Figure 7A, cleavage
by elastase demonstrated a similar quench in fluorescence
of 20.5 + 1.6% and an identical blue shift to 364 nm,
consistent with the fluorescence quench representing con- L 1L I |
formational changes occurring due to insertion of the RCL. 0 25 S0 75 100 125 150 175 200
These data also indicate that the trapped proteinase has little Time (hours)

effect on the local environments of 7-ATrp residues since
the fluorescence change is almost entirely dependent upon
structural changes in PAI-1.

Studies usingy-antichymotrypsin ¢ACH) as a model
serpin have proposed that prior to loop cleavage and
insertion, there are sequential rearrangements in the RCL
and a two-step mechanism to facilitate full loop insertion
into S-sheet A (8, 51). The authors have suggested that
residues P14 through P12 partially insert iffisheet A,
breaking stabilizing hydrogen bonds, and that there is an
introduction of theo-helix F/s3A turn into the crevice
between strands s3A and s5A to facilitate opening-sheet Sl T
A (18, 51). We have previously used a fluorescent-labeled 0 25 50 75 100 125 150 175 200
derivative of PAI-1 to demonstrate the formation of a Time (hours)
reversible Michaelis complex between PAI-1 and the inactive . . . Spontaneous conversion of 7-ATrp PAI-1 and WtPAI-1
S195A mutant of t-PA that cannot form covalent aeyl  from an active to a latent conformation. Left ax®)( transition to
enzyme complexesAf). To test whether any overall con-  the latent conformation was followed by fluorescence change as a
formational changes may be involved with the noncovalent function of time for 7-ATrp PAI-1 (excitation at 315 nm, panel A)
binding of 7-ATp PAI-L to LA, emision spectra were T MPALL (Geteler, S 258 1, pnel B), 2 cescrbes T e
r(_eco_r_ded in the abs_ence and presence of (S195A)t-PA. Nocorrl)formation was followed bg monitoring the loss of inhibitory
significant changes in fluorescence were observed, suggestingctivity against t-PA as a function of time for 7-ATrp PAI-1 (panel
that either formation of the Michaelis complex does not A) and wiPAI-1 (panel B), as described in the Experimental
induce an overall conformational change in PAI-1 or the local Procedures.
environments of the 7-ATrp residues are not changed
significantly (Figure 7A). monitoring formation of the acylenzyme complex of

We have previously shown that the octapeptide Ac- 7-ATrp PAI-1 with t-PA followed a single-exponential decay
TVASSSTA, which is composed of PAI-1 RCL residues With a calculated,, of 29.6+ 1.7 h, longer than the observed
P14-P7, competes with insertion of the RCL as strand s4A tu2 for WtPAI-1 of 17.8+ 2.4 h. Typically, a small fraction
of ﬁ_sheet A and converts PAI-1 into a Substra@)( of 7-ATrp PAI-1 aCtiVity remained after an extended
Reaction of 7-ATrp PAI-1 with a 100-fold excess of incubation at 25C (>300 h) that retained the ability to form
octapeptide results in a conversion of greater than 95% of SDS-stable acytenzyme complexes with t-PA (Figure 8A).
the active 7-ATrp PAI-1 into a substrate without any This phenomenon was not observed with wtPAI-1 af@5

generation of latent 7-ATrp PAI-1 (data not shown). Insertion and may represent a small sub-population of 7-ATrp PAI-1
of the octapeptide int@-sheet A of 7-ATrp PAI-1 results ~ molecules that have an alternative folding state. Nevertheless,
in a fluorescence quench of 23192.6%, in agreement with  the majority of the 7-ATrp PAI-1£90%) followed single-
the observations of t-PA in complex with 7-ATrp PAI-1 and €Xxponential decay kinetics indicating a single species of
7-ATrp PAI-1 cleaved by elastase (Figure 7B). Taken 7-ATrp PAI-1.
together with the above data for elastase cleavage, these data Spontaneous loop insertion was also monitored by changes
indicate that the observed change in fluorescence probablyin 7-ATrp and Trp fluorescence over time for 7-ATrp PAI-1
represents the opening gfsheet A strands s3A and sSA to  and wtPAlI-1, respectively. Spontaneous transition of 7-ATrp
accommodate the RCL as an additiofiatheet strand. PAI-1 to the latent species resulted in a 32.8.0% quench
Spontaneous Reagéi Center Loop Insertion Obsegd by of fluorescence (Figure 7A). The change in fluorescence is
SDS-PAGE and Fluorescencko determine whether incor-  nearly twice that observed for cleaved loop inserted PAI-1,
poration of 7-ATrp affects the rate of spontaneous loop which has a similar crystal structure to that of the latent
insertion, we evaluated the inhibitory activity over time for PAI-1 (53, 54). This observation implies that the change in
7-ATrp PAI-1 and wtPAI-1 (Figures 8A,B). Reactants were 7-ATrp fluorescence reflecting loop insertion also corre-
incubated at 23C and aliquots reacted with a 2-fold molar sponds to overall conformational changes in the molecule
excess of t-PA prior to SDS-PAGE analysis. Time courses occurring simultaneously and is sensitive to small confor-

A Fluorescence

Percent of Control Activity

A Fluorescence

Percent of Control Activity
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Ficure 9: Kinetics of the serpin inhibition mechanism. 7-ATrp et L0 T T
PAI-1 or peptide-blocked 7-ATrp PAI-1 (0.26M) was reacted 16 B -
with t-PA or u-PA (2uM) in a stopped-flow reaction analyzer as 14}k i
described in Experimental Procedures with 1000 data points 12k 1
collected over a’520 s interval. Stopped-flow reaction traces have -
been normalized to the same initial starting fluorescence. Peptide- QL 10F 1
blocked 7-ATrp PAI-1+ u-PA, trace 1; 7-ATrp PAI-1+ t-PA, 2 s -
trace 2; 7-ATrp PAI-1+ u-PA, trace 3. x° 6l |
mational transitions that differ between latent PAI-1 and 4r .
PAI-1 in complex with a proteinase. The observed change 2 .
of fluorescence over time for 7-ATrp PAI-1 was in agreement o L L L A
with the activity measurements fitting totg of 36.94+ 1.2 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
h (Figure 8A). Control fluorescence experiments with [u-PA] (uM)

wtPAI-1 were monitored in parallel and are consistent with E 10: Determinati t the limit e f -

i e IGURE . etermination o e limiung rate Tor proteinase
th? activity measurements fitting totg; of 13.6 + 2.8 h inhibition. 7-ATrp PAI-1 (0.25uM) was reacted with increasing
(Figure 8B). _ _ - _ concentrations of t-PA (A) or u-PA (B) (0-33.0uM) in a stopped-

Kinetics of the SerpinProteinase Inhibition ReactiofThe flow reaction analyzer as described in Experimental Procedures.
fluorescence measurements clearly indicated that conforma-Averagedkoss values from 6-10 experiments were plotted and fit
tional changes coincided with RCL insertion and that subtle Egatgteioiq(uTaatg)lg g; aD;egaF‘)r(‘)?#t'gfa?gF;‘;L%‘;'taeéoagb;ﬁ'ﬁ;njggégg Jalue
changes |n6—shegt A expansion can be monitored by the L SEM. '
fluorescence emission change of 7-ATrp PAI-1. Thus,

analogue incorporation_pm\/ided a SyStem for investigating Table 2: Rate Constants for Proteinase Inhibition by 7-ATrp PAI-1
overall structural transitions associated with the mechanism

; ; P ; Kim Kw Kiim/Kwm
of RC_L insertion during |n.h|b|t|o.n of a target _protelnase. proteinase (51 M) (M-1sY)
Reaction of 7-ATrp PAI-1 with varied concentrations of t-PA PA 111004 02£003 VT

: Y H - . . . . OX
or u-PA under pseudo-first-order conditions resulted in a U-PA 271136 28408 9.7 10F

rapid decrease in 7-ATrp fluorescence emission that was well - — - - -
described by a single-exponential decay characteristic of a, , H'\égaESS”/gelcljsfgom tNhaecrﬁf'rimnggﬁzxgtegﬂ‘?”faﬁyz'gfrgaltg '{;303
concerted structural transition without the formation of any eported as the best fit to the stopped-flow d#ts.E.M.

discernible intermediates (Figure 9). Stopped-flow reactions
of peptide-blocked 7-ATrp PAI-1, which already has an
expandeds-sheet A due to peptide insertion (Figure 7B),
resulted in no further fluorescence changes when reacted wit 1 N
u-PA (Figure 9). This is consistent with the hypothesis that & Kim Of 1.1+ 0.04 s* for t-PA and 27.1+ 3.6 s for

the observed fluorescence change reflects conformationaly-PA: Thekim value for t-PA |nh|l_3|t|on is reduced from the
changes associated with expansion /bbheet A, RCL limiting rate that we h?_;\ve p_reV|oust observed for PAI-1
insertion, and trapping of the proteinase in an inhibited-acyl Iabele? at the P9 position with the fluorescent probe NBD
enzyme complex. (3.4 57) (4).

The rates of conformational Change for 7-ATrp PAI-1 Formation of the stable inhibited Serpiproteinase com-
reactions with u-PA were faster than reactions with equiva- Plex for the reaction of 7-ATrp PAI-1 with t-PA was directly
lent concentrations of t-PA by at least 1 order of magnitude Observed using a technique independent of fluorescence.
(Figure 9). We had previously observed that the limiting rate 7-ATrp PAI-1 was incubated with t-PA for various times
constant for the inhibition reaction of PAI-1 can be highly Prior to rapid acid quenching to pH 2.0, a technique which
dependent on the Speciﬁc target proteinase that is beingprotonates His57 of the serine proteinase catalytic triad,
inhibited (7, 14, 44). To address whether this observed thereby trapping the acylenzyme intermediater).
variation was due to differences in the limiting rates of A time course from 0 to 10 s was sufficient to capture the
proteinase inhibition, the limiting raté,) for the inhibition complete reaction. Individual quenched reactions were
reaction of 7-ATrp PAI-1 and different proteinases were analyzed by SDS-PAGE as described in the experimental
determined (Figure 10 and Table 2). The results clearly procedures and plotted in Figure 11. The data fit to a limiting

indicated a saturating dependence of the pseudo-first-order
Hate constants as a function of proteinase concentration with
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acid analogues has been shown to affect thermodynamic

complex—s stability, folding, and enzymatic activity in an analogue-
specific and protein-specific manne2( 24, 25, 28, 56).
t-PA — = For instance, replacement of Trp with 5-OHTrp or 5-FTrp
7-Atrp PAI-1 in staphyloccal nuclease resulted in relatively insignificant
\.._ _____ - e - changes to structure and function; yet 7-ATrp conferred a
cleaved ™ significant global destabilization in secondary struct@®.(
05 07 09 13 1.6 34 41 6.1 8.1 10.1 On the contrary, others have observed that phage lambda
Incubation Time (seconds) lysozyme was unaffected by substitution with 7-ATrp and

T that the incorporation of 5-FTrp into annexin V was
deleterious to enzyme functior2g 57). The range of
variation in these observations attests to the protein-specific
effects of analogue substitution but also the potential for
exploiting these effects to develop a better understanding of
the functional roles of tryptophan residues in a particular
protein of interest. Incorporation of 7-ATrp into PAI-1 did
not result in any changes to the overall secondary structure
of PAI-1 (Figure 6A-B); however, we did observe a distinct
proteinase specific reduction in inhibitory function and a
decrease in the rate of transition to the latent conformation
1111 | (Tables 1 and 2).

01 23 45878 91 Kinetic Effects Due to 7-Azatryptophan Incorporatidhe
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Time (seconds) kinetic analyses of reactions for 7-ATrp PAI-1 inhibitions
Ficure 11: Formation of the final inhibited 7-ATrp PAI-&PA of t-PA and u-PA (Tables 1 and 2) suggested that analogue
complex. 7-ATrp PAI-1 (2.QeM) was reacted with t-PA (1.0M) incorporation impaired inhibitory function with t-PA but not

for various times from 0.5 to 10.1 s and quenched with 0.2 M HCI that of u-PA. This conclusion is supported by our findings

as described in Experimental Procedures. Data are reported a: g 1oy
averages of at least three independent experimerssE.M. and %hat thekapp for inhibition of t-PA (3.3uM™* s ) is reduced

fit to the function of a first-order reaction to obtainkg, of 0.88 5-fold from that of the wtPAI-1 controls (154M~! s™%)
+ 0.09 s for 7-ATrp PAI-1. The SDS-PAGE gel is a representa- and is primarily the result of a lowédi, (1.1 s'*) than that
tive rapid acid quenching experiment. The 7-ATrp PAI-RA previously reported for wtPAI-1 inhibition of t-PA (3.4%
complex, free unreacted t-PA and 7-ATrp PAI-1, and reactive center (4,7). Despite the effect on t-PA inhibition, we observed no
loop cleaved 7-ATrp PAI-1 are indicated by the arrows. effect on the inhibition of u-PA by 7-ATrp PAI-1 (Table 1).

: : Our finding that the rate of conformational change associated

te of 0. . 1 llent t with the 1.1 o O

rate of 0.88+ 0.09 s, in excellent agreement wi N with inhibition of u-PA by 7-ATrp PAI-1 (27.1 ") greatly

st limiting rate observed by spectroscopic techniques, S :
demonstrating that the change in fluorescence observed ingxceeds that for inhibition of -PA by either 7-ATrp PAI-1

: . (1.1 sY) or wtPAI-1 (3.4 s1) (4) is evidence to support a
the stopped-flow experiments directly represents the trappmg( X o .
of the proteinase in a stable aeydnzyme complex. hypothesis that the overall structural transition in the serpin

inhibition mechanism is governed by a proteinase specific
DISCUSSION and rate limiting step. We attribute the large discrepancy in
the overall limiting rates of reaction for t-PA and u-PA to a
The inhibitory mechanism of serpins is characterized by distinct difference in the binding interaction of the reactive
an extensive conformational change following the cleavage center loop of PAI-1 to the active-site cleft of these
of the scissile P£P1 bond and the subsequent translocation proteinases. There are several possibilities that may explain
of the covalently bound proteinase from the initial position this difference such as an influence on the rate of RCL
of noncovalent docking in the Michaelis complek?) to cleavage, acytenzyme formation, or the ability of PAI-1
the final position in an inhibited covalent serpiproteinase to efficiently separate the'Pside of the RCL from the
complex Q). Our study addresses the mechanism by which substrate pocket after scissile bond cleavage. The latter view
serpins inhibit their target proteinases by monitoring struc- is in keeping with a recent repor4) suggesting that the
tural transitions within the serpin by changes of the fluo- rate-limiting step in the serpin inhibition mechanism could
rescence emission of a PAI-1 mutant containing the tryp- be the removal of the distal' Bide of the RCL from the
tophan analogue, 7-azatryptophan. Studies that have usedubstrate binding cleft of the proteinase, which, in the case
intrinsic tryptophan fluorescence to examine structural of t-PA inhibition by PAI-1, requires breaking the exosite
changes of proteins are unable to resolve transitions thatinteractions between the negatively charged iedidue of
occur during proteirprotein interactions due to the overlap- the distal reactive center loop and the positively charged
ping tryptophan absorbance spectra of the interacting proteinssurface loop of t-PA §8, 59). The corresponding surface
(22, 55). Biosynthetic incorporation of 7-ATrp into PAI-1  |oop on u-PA does not have the same sequence of positively
offers a distinct advantage for monitoring conformational charged residues6(), probably precluding tight exosite
changes by providing an intrinsic fluorescent probe that interactions and resulting in rapid extraction of the distal loop
closely mimics the original amino acid without the potential from the substrate binding pocket in a manner similar to our
problems of using tethered fluorescent molecules. observations with inhibition of trypsin, which does not have
Despite their similar van der Waals radius and chemical the surface loop7, 44). Alternatively, studies have shown
properties, replacement of tryptophan with non-natural amino that the P3 and P4 residues of a substrate are the primary
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determinants of t-PA and u-PA specificity and that there are Our study demonstrates that insertion of the RCL octapeptide
significant differences between the active-site clefts of theseinto -sheet A, which preserves the loop in an extracted
two proteinases which affect their interactions with target position while at the same time simulating partial loop
substrates§0—63). Our data demonstrating that analogue insertion by using an exogenous peptide, produces changes
substitution affected t-PA inhibition but not that of u-PA, of fluorescence identical to those observed for 7-ATrp PAI-1
together with the 27-fold difference in the observed limiting in complex with t-PA or with the RCL cleaved by elastase.
rates of conformational change, are consistent with our We propose that octapeptide insertion of the proximal RCL
conclusion that a rate limiting step of the proteinase residues, at least through P7, is necessary and sufficient to
inhibitor interaction is different for the two proteinases and expandj3-sheet A and induce the molecular rearrangements
that this step limits the overall rate of the structural transition. in PAI-1 observed by fluorescence to accompany loop
These results clearly contrast with those expected if analogueinsertion. Reaction of peptide-blocked 7-ATrp PAI-1 with a
substitution with 7-ATrp had an effect on the intrinsic rate proteinase did not generate any further conformational
of loop insertion or other conformational changes associatedchanges of the serpin (Figure 9), suggesting that the change
with the kinetic trapping of a proteinase. The kinetic effects in structure associated with proteinase trapping was complete
could be due to the 7-azaindole ring of the incorporated following peptide insertion and that the minimum number
7-ATrp which has a [, of about 4.5 and would contain a  of residues to promote this transition is less than-PR4.
polar N-7 imino nitrogen at the physiological pH used for We also observed no change in 7-ATrp PAI-1 fluorescence
these studie2Q). The introduction of a polar, electronegative when in complex with a noncatalytic active-site mutant of
7-azaindole ring at the site(s) of one or more tryptophans t-PA (Figure 7A), in agreement with other observatiof4 (
could likely account for the observed effects on the rate 67) that there is no preinsertion of the RCL prior to cleavage
limiting step and t-PA inhibition since the typical apolar by the proteinase.
environment around a tryptophan indole ring would probably ~ Our results indicate that the change of fluorescence
not accommodate a hydrogen bond acceptor at this positionrepresents simultaneous shifts in the microenvironments of
(22, 25). The rate-limiting step affected by analogue substitu- 7-ATrp residues that directly report opening of the crevice
tion could be reactive center loop cleavage, acylation, betweens-strands s3A and s5A to accept the RCL as strand
extraction of the Pside from the substrate cleft, or a s4A (Figure 7A-B). The four substituted tryptophans have
combination of these processes, and it warrants furtherdifferent positions within the PAI-1 molecule and therefore
investigation. While our data does not specifically identify did not permit the assignment of specific structural changes.
which of these steps may be involved, we have developed alt did allow simultaneous observation of conformational
model system in which we can isolate the rate-limiting transitions in multiple structurally important regions of PAI-1
intermediate. and demonstrated a single concerted transition without the
Serpin Inhibition as a Concerted Structural Transition. generation of identifiable transient intermediates. The rate
By using the spectral properties provided by 7-ATrp constants that characterized the observed fluorescence change
substitutions of the four tryptophan residues in PAI-1, we during reaction with t-PA (1.1°3) agreed well with the rate
have directly observed the global changes in serpin structureof entrapment of t-PA in the acylenzyme complex (0.88
that accompany proteinase trapping and shown this to be as ™). We suggest that a single concerted structural rearrange-
concerted conformational transition. Analyses of the various ment of the serpin topology occurs after or concomitant with
PAI-1 crystal structuresld, 29—32) and fluorescent spectra  the rate-limiting step of the reaction.
of active and latent PAI-13(7) suggested that upon loop Fluorescence spectroscopy of the 7-ATrp PAI-1 derivative
insertion, there are significant changes in the solvent exposurehas established that the observed changes in fluorescence
of a number of the tryptophan residues in structurally flexible are due to insertion of strand 4 inflesheet A and are similar
regions of the serpin molecule. regardless of whether they are due to inhibition of a
Several hypotheses have been put forward regarding theproteinase following reactive center loop cleavage at P1
mechanism and sequence of events by which full RCL P1, cleavage at P3P4 by elastase, annealing with an
insertion proceeds. It has been proposed that there is arexogenous octapeptide of RCL residues PRZ, or spon-
intermediate between the Michaelis and inhibited serpin taneous loop insertion to form a latent species. Since the
proteinase complexe64) as well as multiple conformational  binding of the octapeptide initiated an almost identical
changes in the serpin structure identifiable prior to the point structural change in the serpin as does full loop insertion,
of acylation and loop cleavage, including a preinsertion of we propose that the initial introduction of the proximal loop
the RCL intof-sheet A from residue P15 through residue residues into3-sheet A are sufficient to promote the
P13 upon binding of the proteinased( 51). Other reports  simultaneous alterations in structure that allow the reactive
have argued that a translocation of the RCL occurs upon center loop and the tethered proteinase to be rapidly inserted
Michaelis complex formation and prior to cleavage of the into the body of the serpin. The rate constants for the 7-ATrp
RCL (65, 66). These approaches relied on specific residues spectral changes induced by interaction with t-PA or u-PA
labeled with fluorescent probes and may have precluded awere single exponentials, indicating concerted reactions with
global view of the structural changes in the topology of the unique limiting steps. We also demonstrated that the PAI-1
serpin. Our findings do not support either of the aforemen- inhibition mechanism was sensitive to changes in the
tioned hypotheses that suggested a stepwise mechanism oénvironment of one or more tryptophan residues, since the
structural changes. Instead, fluorescence and stopped-flowmutation of carbon to nitrogen reduced the inhibitory
studies identified a single concerted conformational event efficiency of PAI-1 against t-PA 5-fold. Kinetic studies
throughout the serpin molecule that coincides with the kinetic further indicated that reaction of t-PA with 7-ATrp PAI-1
trapping of the proteinase in a stable acghzyme complex.  resulted in an overall rate of conformational change that was
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significantly slower than the limiting rate of reaction for u-PA 18
and PAI-1. The fact that 7-ATrp substitution caused no
change in the kinetic properties of u-PA inhibition is evidence
to support a conclusion that a proteinase specific limiting 20
step may retard the conformational change rates regulating
reactive center loop insertion. These studies are being
continued with the goal of evaluating the contribution of each

19

tryptophan residue to the structural changes occurring during 22.

formation of a stable acylenzyme complex.
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