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ABSTRACT: Plasminogen activator inhibitor-1 (PAI-1) is a 43 kDa protein involved in the regulation of
fibrinolysis. PAI-1 is the principal inhibitor of tissue-type plasminogen activator (t-PA), trapping the
proteinase as an acyl-enzyme covalent complex (∼105 kDa). Four single tryptophan mutants of PAI-1
have been constructed in which three of the four tryptophan residues (Trp86, Trp139, Trp175, and Trp262)
were replaced with phenylalanine. Biosynthetic incorporation of 5-fluorotryptophan (5F-Trp) into wild-
type PAI-1 (5FW wtPAI-1) and the single tryptophan mutants (5FW86, 5FW139, 5FW175, and 5FW262)
was achieved, allowing a19F NMR spectroscopic study of PAI-1 in its active and cleaved forms and in
complex with t-PA. The19F NMR spectrum of active 5FW wtPAI-1 shows four clearly resolved peaks at
-39.20, -49.26, -50.74, and-52.57 ppm relative to trifluoroacetic acid at 0 ppm. Unequivocal
assignments of these four resonances in the spectrum of 5FW wtPAI-1 to specific tryptophan residues
were accomplished by measuring the chemical shifts of the19F resonances of the single tryptophan mu-
tants. There was close agreement between the resonances observed in 5FW wtPAI-1 and of those in the
mutants for all three protein forms. This would imply little structural perturbation in the local structures
of the tryptophan residues resulting from substitution by phenylalanine. The 5FW wtPAI-1 was observed
to have lower second-order rate constant (kapp) for the inhibition of t-PA than the natural tryptophan
wtPAI-1, suggesting that the decreased activity may result from a small structural effect of the fluorine
substituent of the indole ring. Further alterations in thekapp and the stoichiometry of inhibition (SI) were
observed in each of the mutants indicating an effect of the three tryptophan to phenylalanine mutations.
Detailed interpretation of the19F NMR spectra of the PAI-1 mutants provides insights into the local
segmental structure of the active form of the proteins and the structural changes that occur in the cleaved
and t-PA complexed forms.

Serpins1 (serine proteinase inhibitors) are a large super-
family of proteins that are intimately involved in a diverse
range of physiological processes such as blood coagulation,
fibrinolysis, complement activation, inflammation, and matrix
remodeling (1-5). Many serpins inhibit the serine proteinases
of the chymotrypsin family and represent about 10% of the
total protein in vertebrate plasma (1-5). Serpins have also
been identified that cross-react with cysteine proteinases (6)
and have been recently found in prokaryotes (7). In addi-
tion, serpins have been identified with no inhibitory function
at all and are involved in roles such as blood pressure

regulation, hormone transport, and chaperones (1-5). Serpins
range from 350 to 500 amino acids in length and share a
highly conserved tertiary structure consisting of three
â-sheets (A-C), seven to nineR-helices (A-I), and a
solvent-exposed reactive center loop (RCL) that includes
residues P16-P10′ (2, 4, 8). Schechter and Berger developed

† This work was supported by the Heart and Stroke Foundation of
Ontario. L.A.L. acknowledges partial funding for this work from the
Petroleum Research Fund (Grant 36825-AC4).

* To whom correspondence should be addressed: Arthur G. Szabo,
Ph.D., Office of the Dean of Science, Rm. N1048, Science Bldg.,
Wilfrid Laurier University, 75 University Avenue West, Waterloo,
Ontario N2L 3C5, Canada. Telephone: 1-519-884-0710 x-2129. Fax:
1-519-884-0464. E-mail: aszabo@wlu.ca.

‡ University of Waterloo.
§ Henry Ford Health Sciences Center.
+ Wayne State University School of Medicine.
| Clarkson University.
⊥ Wilfrid Laurier University.

1 Abbreviations: Serpin, serine proteinase inhibitor; PAI-1, plasmi-
nogen activator inhibitor-1; t-PA, tissue-type plasminogen activator;
RCL, reactive center loop; P1-P1′ and P16-P10′, identify specific
amino acid residues located within the RCL according to the nomen-
clature set forth by Schechter and Berger; 5F-Trp, 5-fluorotryptophan;
7A-Trp, 7-azatryptophan; 5FW wtPAI-1, 5F-Trp-incorporated wild-
type PAI-1; 5FW86, 5FW139, 5FW175, and 5FW262 refer to the single
tryptophan mutants of PAI-1 in which three of the four tryptophan
residues were mutated to phenylalanine residues and the remaining
tryptophan residue was biosynthetically replaced with 5F-Trp and
denoted as such;19F NMR, fluorine nuclear magnetic resonance; IPTG,
isopropyl-â-D-thiogalactopyranoside; Hepes, 4-(2-hydroxyethyl) pip-
erazine-1-ethane sulfonic acid;kapp, apparent second-order rate constant
of proteinase inhibition; SI, stoichiometry of inhibition; TFA, trifluo-
roacetic acid; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide
gel electrophoresis; EACA,ε-aminocaproic acid; EDTA, ethylenedi-
aminetetraaccetic acid; HPLC, high-pressure liquid chromatography;
MES, mercaptoethanesulfonic acid; MS, mass spectrometry; GGR,
glucose-galactose sugar binding protein; LBP, leucine-specific protein;
TROSY, transverse relaxation-optimized spectroscopy.
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a system of nomenclature to describe specific residues within
the RCL (9). In this nomenclature, P16 through P1 denote
those residues on the amino-terminal side of the scissile bond,
while those designated as P1′ to P10′ reside on the carboxy-
terminal side of the scissile bond. The P1-P1′ residues
contained within the RCL mimic the ideal proteinase
substrate and thus serve as the “bait” peptide for a serpin’s
target proteinase. Cleavage of the P1-P1′ scissile bond by
the target proteinase permits insertion of the RCL into the
central â-sheet A as strand s4A (10). This extensive
conformational change, known as the “stressed to relaxed”
transition (11), allows the serpin to achieve an increased
stability, yielding a serpin-proteinase pair that is kinetically
trapped as an acyl-enzyme covalent complex (12, 13).
Stabilization of the complex is achieved by the refolding of
the cleaved inhibitor in which the covalently bound protein-
ase is translocated to the distal end of the serpin via insertion
of the RCL intoâ-sheet A (14-16). The separation of the
P1-P1′ residues by approximately 70 Å, as well as distortion
of the proteinase structure, ensures that deacylation is
irreversible (13, 17-20). Thus, serpins are referred to as
“suicide substrates” (4).

Plasminogen activator inhibitor-1 (PAI-1) is a serpin found
in plasma, platelets, endothelial cells, fibrosarcoma cells, and
hepatoma cells (21). The vascular endothelial cells are
believed to be the primary site of synthesis for plasma PAI-1
(22). PAI-1 is the principal inhibitor of tissue-type plasmi-
nogen activator (t-PA) and urokinase-type plasminogen
activator (u-PA) (23). PAI-1 shares the same highly ordered
tertiary structure with other serpins described previously and
has been expressed as 43 kDa protein inEscherichia coli
(24). PAI-1 is unique because it is the only member among
the serpin superfamily known to spontaneously adopt a latent
conformation in which the N-terminal portion of the RCL
is inserted intoâ-sheet A without cleavage of the P1-P1′
residues (25). Crystal structures have been determined for
the active (26, 27), cleaved (28), and latent forms (25) of
PAI-1. These structures have provided limited information
on the role of conformational change that is the basis of the
serpin inhibitory mechanism. Recently, the first X-ray crystal
structure of a serpin-proteinase pair, trypsin-R1-antitrypsin,
was solved (13). This crystal structure provides only a static
picture of the complex and offers little information on
dynamics and conformational heterogeneity. Optical studies
by circular dichroism and intrinsic fluorescence (29-34)
have yielded solution-state information on conformational
changes that occur in PAI-1 upon cleavage or latency.
However, fluorescence techniques cannot be extended to
investigation of PAI-1 in complex with its target proteinase,
because the observed fluorescence would be an average
signal of the combined tryptophans from both protein
partners.

PAI-1 contains four tryptophan residues located at posi-
tions 86, 139, 175, and 262 (Figure 1). These residues are
found in different structural segments and thus distinct
environments of the protein. Trp86 is located at the top of
helix D on a turn leading into sheet 2A, Trp139 is located
on helix F, Trp175 is located at the very top of sheet 3A in
the conserved breach region, and Trp262 is found on helix
H. The fluorescence of each tryptophan residue is potentially
capable of reporting on its local environment and of any
changes in this environment due segmental or domain

movements. The biosynthetic incorporation of tryptophan
analogues would permit the study of conformational change
of PAI-1 in the presence of other proteins. A recent study
demonstrated a concerted structural transition in the PAI-1
inhibition mechanism with PAI-1 labeled at all four positions
with the tryptophan analogue 7-azatryptophan (7A-Trp) (24).
In addition to their unique fluorescence properties, the
fluorinated tryptophan analogues 4-fluorotryptophan, 5-fluo-
rotryptophan, and 6-fluorotryptophan would allow19F NMR
studies of proteins and of their interactions with other proteins
(35, 36).

NMR methods can be a powerful tool for the characteriza-
tion of protein structure and function (37). When specific
residues in a protein can be assigned to resonances in the
NMR spectrum, one can probe structure and dynamics of
both the protein and its complexes. Early 1D NMR experi-
ments of serpins proved to be inadequate owing to poor
resolution (38-43). 2D NMR studies have provided a picture
of global structural changes occurring in the serpin in the
noncovalent Michaelis complex and in the cleaved serpin
(44) and an incomplete three-dimensional structural deter-
mination of the serpin in the covalent complex (20).
Assigning all the resonances to specific amino acid residues
in the serpin-proteinase pair is a difficult and formidable
challenge in a complex this large. With higher fields,
multidimensional experiments, and advanced pulse sequences

FIGURE 1: The X-ray crystal structures of the active (PDB 1B3K,
chain A) (26) and cleaved (PDB 9PAI-1) (28) conformations of
PAI-1. Structures on the left side are an orthogonal view with
respect to the structures viewed on the right side. These two profiles
are shown for both the active (top) and cleaved conformations
(bottom) indicating the location and position of each of the
tryptophan residues. Tryptophan residues are shown as space filling
(CPK) representations. Trp86 is red, Trp139 is orange, Trp175 is
green, and Trp262 is blue. The P1-P1′ residues of the RCL are
shown as yellow (Met346) and black (Arg347). Structures were
generated in ViewerLite 5.0 (Accelrys, San Diego, CA).
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such as TROSY, proteins of high molecular weights have
been studied (45, 46). Even with these sophisticated methods,
there are many proteins and complexes that are not amenable
to study. The PAI-1 system is one that does not show promise
for full structural analysis by NMR; thus, we have resorted
to another method to obtain information from this protein
and its complexes.19F NMR provides few obstacles in
assigning resonances to specific chemical groups and lower
cost in sample preparation while still providing information
on structure and dynamics. The19F nucleus is 100% abundant
and has a sensitivity that is comparable to that of1H with
no background signals. The19F NMR chemical shifts extend
over a larger range than1H chemical shifts, and the
experiments can be performed in one dimension due to the
less complex nature of the resonances. The fluorine nucleus
is highly sensitive to its environment due to the lone pairs
of electrons, which provides a useful probe for determining
conformational change in a specific area of a protein. Small
changes in local environment can be assessed by this method.
The fluorine nucleus can be biosynthetically incorporated
into proteins by routine methods and many of the fluorinated
amino acids are commercially available (35, 47, 48).

To date, few NMR studies have focused on serpins in
complex with their target proteinases (17, 20, 41, 44) with
one19F NMR study on the serpin antithrombin III and of its
interaction with heparin (49). The utility of 19F NMR in
investigating proteins and nucleic acids and their interactions
with their ligands, receptors, and inhibitors is extensive (35,
36). 19F NMR studies on serpins may provide new informa-
tion on conformational changes around specific residues in
their native, complexed, and cleaved forms.

In this paper, we report the successful incorporation of
the tryptophan analogue 5F-Trp into wtPAI-1 and its single
tryptophan mutants allowing assignment of the individual
19F NMR resonances for each of the tryptophan residues.
5F-Trp was chosen over other fluorinated amino acid
derivatives due to its availability, cost, and wider dispersion
of chemical shifts with different environments as observed
for glucose-galactose sugar binding protein (GGR) (50) and
leucine-specific protein (LBP) (51). 19F NMR experiments
were performed on the active and cleaved forms of PAI-1
and of PAI-1 in complex with t-PA. It was shown that
significant structural changes occurred in the local environ-
ments surrounding Trp86 and Trp139 and to a lesser extent
in Trp175 and Trp262 in PAI-1 upon interaction with t-PA
(i.e., complexed), in its cleaved conformation, or both.

MATERIALS AND METHODS

Materials.L-Tryptophan, 5-fluoro-DL-tryptophan, chloram-
phenicol, kanamycin, ampicillin, DNase I, RNase A, phen-
ylmethylsulfonyl fluoride (PMSF), ethylenediaminetetraacetic
acid disodium salt (EDTA), 2-[4-(2-hydroxyethyl)-1-pipera-
zine] ethanesulfonic acid (Hepes), glycerol, magnesium
sulfate, calcium chloride, vitamin B1 (thiamine), sodium
phosphate dibasic heptahydrate, sodium phosphate monoba-
sic monohydrate, potassium phosphate monobasic, ammon-
ium chloride, ammonium sulfate, sodium hydroxide, potas-
sium hydroxide, 2-amino-2-(hydroxymethyl)-1,3-propanediol
(Tris), triethylamine (TEA), hydrochloric acid, ammonium
hydroxide, and sodium chloride were purchased from Sigma
(St. Louis, MO) or VWR (EM Science, Mississauga,

Canada). Trypticase peptone, yeast extract, and CASamino
acids were purchased from either Becton, Dickinson and Co.
(Sparks, MD) or Difco (Detroit, MI). Isopropyl-â-D-thioga-
lactopyranoside (IPTG) was purchased from Melford Labs
(Suffolk, U.K.). Spectrozymet-PA (CH3SO2-D-HHT-Gly-Arg-
pNA) was obtained from American Diagnostica Inc. (Green-
wich, CT). All kinetic measurements were performed at pH
7.4 in 30 mM Hepes, 135 mM NaCl, 1 mM EDTA, and
0.1% PEG 8000 in acrylic sample cuvettes coated with
0.1% PEG 20 000 for the reduction of protein adsorption.
Heparin, phenyl, and SP-substituted Sepharose were pur-
chased from Amersham Biosciences (Uppsala, Sweden).
HPLC/spectrophotometric grade sodium acetate-trihydrate,
glacial acetic acid, and methanol were obtained from J. T.
Baker (Phillipsburg, NJ). 3 N mercaptoethanesulfonic acid
(MES) was purchased from Pierce (Rockford, IL). Sodium
dodecyl sulfate and acrylamide were obtained from BioRad
(Hercules, CA).

Recombinant PAI-1 Mutagenesis, Expression, and Puri-
fication. The preparation of recombinant human PAI-1 in
the pET-24d vector (Novagen) has been previously described
(24). For some mutants, the PAI-1 gene was transferred into
pET-24c vector (Novagen) to help improve mutagenesis
efficiency. The W86F, W139F, W175F, and W262F muta-
tions or combinations thereof were engineered by site-
directed mutagenesis using the Muta-Gene Phagmid In Vitro
Mutagenesis kit (Bio-Rad) and the method of Kunkel (52,
53). The mutagenic oligonucleotides listed in Table 1 were
used to generate the individual W86F, W139F, W175F, and
W262F mutations in the PAI-1 gene. For the preparation of
the multiple tryptophan to phenylalanine mutations, multiple
primers were included in the mutagenesis reaction using a
wtPAI-1 background (Trp86, Trp139, and Trp175) or a
W175F+ W262F background template (Trp262). All muta-
tions were confirmed by DNA sequencing of the full length
PAI-1 gene. For recombinant expression inE. coli, the
wtPAI-1 construct was transformed into the host BL21(DE3)
pLysS (Novagen) and cultured in LB media to an OD600 of
0.3-0.5 prior to induction of protein expression for 2-3 h
by the addition of IPTG to a final concentration of 1 mM at
30 °C. Bacterial lysates were obtained by sonication. The
soluble active and latent PAI-1 fractions were purified and
separated by heparin, phenyl, and SP-substituted Seph-
arose chromatography as previously described (24). Fur-
ther purification of active PAI-1 from the latent fraction
was performed usingâ-anhydrotrypsin coupled to a 1 mL
NHS-activated HiTrap (Amersham Biosciences) column
following manufacturers guidelines (54). Preparation of
â-anhydrotrypsin has been described previously (55). Bio-
synthetic incorporation of 5F-Trp into PAI-1 required the
use of an auxotrophic strain ofE. coli, W3110TrpA88(DE3).
The host strain was further modified by the introduction of

Table 1: Mutagenic Oligonucleotides

mutation oligonucleotide primer sequencesa

W86F 5′342-dGATCTCATCCTTGTTAAATGGCCCCATGAGCT-3′311

W139F 5′501-dTGTGTGTGTCTTCACAAAGTCATTGATGATGA-3′470

W175F 5′609-dGGGGAAGGGAGTCTTGAACTGGCCGTTGAAGT-3′578

W262F 5′609-dGGTCATGTTGCCTTTGAAGTGGCTGATGAGCT-3′578

a The numbering for oligonucleotide 5′ and 3′ designations is labeled
according to the sequence of the human PAI-1 gene without the signal
peptide. Substituted bases are indicated by the italic nucleotides.
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the pLysS plasmid (Novagen) containing the gene for T7
lysozyme, a repressor to the T7 promoter, to reduce
background expression prior to analogue supplementation.
The method for incorporation of 5F-Trp as described by
Hogue et al. (47) was used with the following modifications.
Briefly, host cells containing PAI-1 pET-24d constructs are
cultured in M9 minimal media (56) supplemented per liter
with 2% CASamino acids, 0.01% thiamin, 2 mM MgSO4,
0.4% glucose, 0.4% glycerol, 0.1 mM CaCl2, and 0.02 mM
L-tryptophan. Cells reached a limiting density after∼16 h
of incubation at 37°C and consumption of all available
L-tryptophan (OD600 ≈ 0.8-1.0), after whichDL-5F-Trp was
added to a final concentration of 0.5 mM. Following a 10-
min incubation in the presence of 5F-Trp, protein expression
was induced by IPTG for 2-3 h, cell lysates were harvested,
and PAI-1 protein was purified as previously mentioned.
Bacterial cultures were cooled in an ice bath 15 min
postinduction and maintained at 30°C. 5F-Trp labeled
proteins were dialyzed into 5 mM sodium phosphate, 345
mM NaCl, 1 mM EDTA, and pH 6.6, concentrated on an
Amicon stir cell (Amicon Inc., Beverly, MA), snap frozen
in liquid nitrogen, and stored at-80 °C. PAI-1 protein
concentrations were determined by the Bradford dye-binding
assay (57) using purified wtPAI-1 as a standard with an
extinction coefficient (ε280) of 0.93 mL mg-1 cm-1 and aMr

of 43 000 (58, 59).
Preparation of CleaVed PAI-1.Five milligrams of porcine

elastase (Sigma) was coupled to a 1 mL NHS-activated
HiTrap column (Amersham Biosciences) following manu-
facturers guidelines. Elastase cleaves PAI-1 at the P3-P4
peptide bond of the RCL permitting loop insertion without
formation of the covalent acyl-enzyme complex (60). Sub-
sequently, 5-7 mg of purified active fluorinated PAI-1
protein was fluxed through the elastase column for 30-45
min, after which the column was washed extensively with
buffer and the effluent was collected. To ensure complete
cleavage, a small aliquot was removed, mixed with t-PA,
and run on a 10% SDS-PAGE with appropriate controls.
Cleaved proteins were precipitated overnight against solid
ammonium sulfate at 4°C using 12 000-14 000 MWCO
dialysis tubing (Spectra-Por, VWR, Mississauga, ON, Canada).
Precipitated proteins were resuspended in 5 mM sodium
phosphate buffer, 345 mM NaCl, 1 mM EDTA, pH 6.6, snap
frozen, and stored at-80 °C.

Preparation of Two-Chain t-PA.Human recombinant t-PA
(Activase) was kindly provided by Genentech Inc. (San
Francisco, CA). Single-chain t-PA was converted to two-
chain t-PA by fluxing through a 1 mL plasmin column
(Molecular Innovations, Southfield, MI) and has been
described previously (61). t-PA was stored at-80 °C in 30
mM sodium phosphate, 135 mM NaCl, 20 mM EACA, 1
mM EDTA, pH 6.6. The concentration of t-PA was
determined using the absorptivity coefficient of 1.9 mL mg-1

cm-1 and theMr of 63 500. Prior to use, t-PA was thawed
at 37°C for 5 min to dissolve protein aggregates.

Determination of the LeVel of Tryptophan Analogue
Incorporation.Assessment of tryptophan analogue incorpo-
ration efficiency was determined by acid hydrolysis of
proteins and reverse-phase HPLC developed specifically to
quantitate the level of incorporation of tryptophan analogues
biosynthetically incorporated into proteins (62) (unpublished).
Protein hydrolysis was accomplished using 3 N mercapto-

ethanesulfonic acid (MES) (63). An approximately 150µL
aliquot of protein (0.1-0.5 mg) was placed into a 6 mm×
50 mm Pyrex tube (VWR) to which 50µL of 3 N MES was
added. This tube was placed into a larger thick walled glass
vacuum vessel and sealed with a threaded Teflon cap housing
a two-way valve. The vessel was then subjected to repeated
vacuum and purge cycles using ultrahigh purity nitrogen.
Hydrolysis was then carried out in either a Waters Worksta-
tion (Milford, MA) or a Pierce Reacti-Therm Heating Module
(Rockford, IL) that was modified by employing a custom-
made aluminum block that held the thick walled vacuum
vessel. The vessel and its contents were incubated at 110
°C for 22 h, after which the vessel was removed from the
heating module and allowed to cool to room temperature. A
50 µL aliquot of 3 N NaOH was then added to neutralize
the acidic contents and the reaction contents were mixed well
and briefly centrifuged on a tabletop microfuge. Sample(s)
were then dried in a Labconco Centrivap Concentrator
(Labconco Corp., Kansas City, MO). The dried hydrolysate
was then redissolved in 150µL of Milli-Q water, gently
vortexed, and centrifuged.

Analytical RP-HPLC was accomplished using a Gilson
modular design HPLC (Middleton, WI) consisting of two
pumps, a manometric module, a dynamic mixer, and a UV
detector set at 280 nm. A Rheodyne 7125 injection valve
(Cotati, CA) was used equipped with a 50µL loop. A C-18
reverse-phase analytical column by Alltech (Prevail, 250 mm
× 4.6 mm, 5µ) in conjunction with a Zorbax ODS guard
column (Hewlett-Packard, Palo Alto, CA) was employed.
The outlet tubing was fitted with a back-pressure regulator
(Upchurch Scientific, Oak Harbor, WA) rated at 75 psi. This
HPLC was interfaced to a desktop computer communicated
through a controller. The elution conditions and the gradient
employed were modified from those of Delhaye and Landry
(64) using a 21 min linear gradient from solvent A (70 mM
sodium acetate, 5% methanol, 0.025% triethylamine, pH 4.5)
to solvent B (100% methanol) at 1 mL/min. The concentra-
tions of tryptophan and 5F-Trp in the hydrolysate were
determined using standard additions of tryptophan and
5F-Trp. Twenty microliter injections were performed in
duplicate and the averaged integrated absorbances at 280 nm
of the tryptophan and 5F-Trp elution peaks were plotted
against the concentrations of the standard added and then
fit by linear regression. The generated regression equation-
(s) were then used to determine the relative amounts of
tryptophan and 5F-Trp using the integrated absorbance at
280 nm and the amount of the standard addition added to
the sample. To confirm that there was no differential
degradation of tryptophan relative to 5F-Trp by the MES
hydrolysis conditions, stock solutions were made of the free
amino acids tryptophan and 5F-Trp (∼180 µM), in which
various ratios of the free amino acid solutions were mixed
together and then injected. Subsequently, these same stock
solutions were then subjected to the identical hydrolysis
conditions employed for protein hydrolysis and injected. The
integrated peak areas for the treated and untreated samples
indicated the recovery of tryptophan (n ) 14) and 5F-Trp
(n ) 5) was 94.5%( 2.7% for and 95.4%( 0.9%,
respectively as shown by RP-HPLC analysis.

EffectiVe Inhibitor Concentration.The stoichiometry of
inhibition (SI) is defined as the number of moles of inhibitor
(serpin) required to inhibit 1 mol of proteinase and has been
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described previously (5, 24). Briefly, 200 nM t-PA was
preincubated with 0-2-fold concentrations of wtPAI-1 or
5F-Trp-incorporated proteins in a 100µL volume of 30 mM
Hepes, 135 mM NaCl, 1 mM EDTA, 0.1% PEG 8000, pH
7.4, for 60 min at 25°C. Subsequently, 0.9 mL of 0.1 mM
Spectrozymet-PA chromogenic substrate was added to the
reaction mixture, and the initial reaction rates were monitored
by the absorbance change at 405 nm using a Varian Cary
UV50 UVVIS spectrophotometer. Plotting residual t-PA
activity versus molar ratio of PAI-1/t-PA permitted the
calculation of the SI by extrapolating the best-fit linear
regression of the data to thex-intercept. SI determinations
were performed in duplicate, repeated, and reported as the
mean( standard deviation.

Apparent Bimolecular Rate Constants for the Binding of
5FW PAI-1 to t-PA.The competitive kinetic method (65)
was used to determine the apparent second-order rate
constants (kapp) for the irreversible inhibition of t-PA by
wtPAI-1 and 5F-Trp-incorporated proteins using 0.5 mM
Spectrozymet-PA. The procedure has been described else-
where (24, 61) and performed under pseudo-first-order
conditions using 10 nM wtPAI-1, 10-50 nM fluorinated
PAI-1 proteins, and 2 nM t-PA. Inhibition progress curves
were monitored by the absorbance change at 405 nm using
a Varian Cary UV50 UVVIS spectrophotometer and were
fit by a single-exponential function with a linear component
to obtain the pseudo-first-order rate constant,kobs. The
second-order bimolecular rate constant (kapp) was obtained
by dividingkobsby the functional inhibitor concentration (i.e.,
inhibitor concentration divided by the SI) and then multiply-
ing by the factor 1+ [S0]/KM to correct for the competitive
effect of the substrate in the serpin-proteinase reaction. The
KM value for t-PA/Spectrozymet-PA pair was determined by
standard Michaelis-Menton kinetic analysis (data not shown)
and found to be 77.9µM. Experiments were performed in
triplicate, and data are reported as the mean( standard
deviation.

19F NMR Measurements.19F NMR spectra were obtained
at 564 Hz on a Bruker 600 NMR spectrometer equipped with
a 5 mm1H/19F probe. PAI-1 samples were typically 50-80
µM in 5 mM sodium phosphate, 345 mM NaCl, 1 mM
EDTA, and pH 6.6. D2O (10% (v/v); Cambridge Isotopes,
Andover, MA) was added to all samples as the lock solvent.
For the t-PA addition experiments, a stoichiometric amount
of t-PA was added to PAI-1 proteins and gently mixed by
aspiration. The spectrometer was calibrated with 200µM
5F-Trp to-49.6 ppm relative to trifluoroacetic acid (TFA)
at 0 ppm. Standard spectral parameters were 12 000-Hz
spectral width, 60° pulse width, 500 ms relaxation delay,
temperature at 20°C with no decoupling. Processing was
done with a 25-50 Hz line broadening. To confirm the
reproducibility of19F resonances, protein samples were run
at least in triplicate (n g 3) for both the active forms and in
complex with t-PA and in duplicate (n ) 2) for the cleaved
forms.19F resonances showede0.1 ppm difference between
corresponding spectra.

RESULTS

Efficiency of 5F-Trp Incorporation into PAI-1 and its
Effect on PAI-1 Expression and Function. The 5F-Trp-
incorporated proteins expressed at lower levels than the

natural tryptophan containing proteins. Yields were typically
0.67-1.25 mg/L of culture for the fluorinated proteins and
1.25-1.67 mg/L of culture for the natural tryptophan
containing wild-type protein. 5FW86 expressed poorly and
failed to show production in some instances, whereas the
mutant 5FW175 consistently expressed at higher levels than
the other fluorinated single tryptophan mutants and was
comparable to that of wtPAI-1.

Sulfonic acid hydrolysis of 5F-Trp containing PAI-1s fol-
lowed by standard addition of known amounts ofL-tryp-
tophan and 5F-Trp to the hydrolysates with the subsequent
separation and quantitation by analytical RP-HPLC was
performed. The levels of 5F-Trp incorporation in PAI-1
mutants are summarized in Table 2. Attempts to use mass
spectrometry (MS) to determine the level of incorporation
of 5F-Trp in PAI-1 proved to be impractical because the
protein precipitated during dialysis into buffers required for
MS analysis. The level of expression of 5FW86 was less
than the other 5F-Trp containing proteins. The natural
tryptophan mutant W86 expressed at levels comparable to
the wt protein. Taken together with the low level of
incorporation of 5F-Trp in this mutant, this may suggest that
the 5F-Trp containing protein does not fold efficiently. The
apparent bimolecular rate constant (kapp) for the inhibition
of t-PA and the stoichiometric index (SI) of the PAI-1
mutants are summarized in Table 3. All mutants retained
their inhibitory activity toward t-PA. Where low levels of
5F-Trp incorporation were indicated (e.g., 5FW86), these
kinetic data are the weighted average of the fluorinated
tryptophan and the natural tryptophan containing proteins.

19F NMR Spectra of 5F-Trp-Incorporated ActiVe PAI-1
Mutants. Figure 2 presents the19F NMR spectra of 5F-Trp-
labeled PAI-1s in their active conformation. Data acquisition
typically took 12 h. To check that the PAI-1 mutants

Table 2: The Level of 5F-Trp Incorporation in PAI-1 and PAI-1
Mutantsa

level of incorporation (%)

5FW wt 78.9( 5.1
5FW86 42.4( 2.3
5FW139 80.6( 8.0
5FW175 75.5( 0.9
5FW262 77.7( 1.8

a Incorporation efficiency was determined by sulfonic acid hydrolysis
of 5F-Trp-containing proteins. Standard additions ofL-tryptophan and
5F-DL-Trp to the hydrolysate were performed, and separation and
quantitation were performed using RP-HPLC. Results are reported as
the percentile( standard deviation.

Table 3: Kinetic Parameters for wtPAI-1 and 5F-Trp-Labeled
PAI-1sa

kapp (× 107 M-1 s-1) SI

wt 1.17( 0.33 1.08( 0.09
5FW wt 0.61( 0.07 1.02( 0.03
5FW86 0.16( 0.04 1.39( 0.24
5FW139 0.16( 0.01 1.64( 0.20
5FW175 0.46( 0.05 1.07( 0.02
5FW262 0.58( 0.01 2.20( 0.04

a Kinetic data was acquired from samples measured in 30 mM Hepes,
0.135 mM NaCl, 1 mM EDTA, 0.1% PEG 8000, pH 7.4, and 25°C.
The kapp data are reported of the averages of three independent
experiments( standard deviation. SI experiments were performed in
duplicate, repeated, and reported as the mean( standard deviation.
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maintained the active form and did not revert to the latent
form during the period of the experiment, we monitored the
NMR sample by SDS-PAGE. Prior to and immediately after
collection of the data, a 25µL aliquot of protein from the
NMR tube was added to a stoichiometric amount of t-PA
and resolved on an SDS gel. Inspection of the gel revealed
identical amounts of PAI-1 in complex with t-PA for both
cases (data not shown). The spectrum of 5FW wtPAI-1
(Figure 2A) shows four well-resolved resonances. Assign-
ments for each of the four resonances to specific tryptophan
residues were accomplished using site-directed mutagenesis
in which three of the four tryptophan residues were replaced
with phenylalanine to produce the single tryptophan mutants.
Subsequently, 5F-Trp was biosynthetically incorporated into
these mutants using the auxotrophic system developed earlier
(47, 48), and the corresponding19F NMR spectra are shown
in Figure 2B-E. The resonances observed in the spectra of
the single tryptophan mutants permitted the assignment of
each resonance observed in wt protein to a specific tryp-
tophan residue.19F NMR were also measured for the cleaved
PAI-1 mutants (Figure 3) and for PAI-1 mutants in complex
with t-PA (Figure 4). The19F NMR resonance assignments
for all three protein forms are summarized in Table 4.

Inspection of the spectra of the single tryptophan mutants
and comparison to the wt spectrum showed that there was
good agreement of the resonances between the wt and the

mutant proteins. The resonances observed in the spectra of
5FW86, 5FW139, and 5FW262 were within 0.1-0.3 ppm
of the resonances seen in the spectrum of 5FW wtPAI-1. A
larger difference existed with 5FW175, in which the reso-
nance for Trp175 differed by∼0.8 ppm on comparison with
the 5FW wt spectrum. This would suggest that the particular
combination of mutations of the Trp86, Trp139, and Trp262
residues to phenylalanine had an impact upon the local
structure as reported by the spectrum of 5FW175 (Figure
2d). The19F NMR spectrum of 5FW86 (Figure 2b) showed
a broad resonance centered at-50.55 ppm. No change in
peak intensity or shape was observed upon increasing the
temperature from 20 to 30°C. A resonance at-49.37 ppm
was observed in the spectrum of 5FW139 (Figure 2c), but
unlike the peak in the 5FW86 spectrum, it was sharp and
well-defined. The19F NMR spectrum of 5FW175 (Figure
2d) displays a distinct lowfield resonance observed at-39.99
ppm. The fluorine resonance observed at-52.83 ppm in the
spectrum of 5FW262 (Figure 2e) was found upfield of the
other three resonances.

19F NMR Spectra of 5F-Trp-Incorporated CleaVed PAI-1
Mutants and PAI-1 Mutants in Complex with t-PA.In an
attempt to elucidate new details of the structural changes of
PAI-1 that result upon cleavage of the RCL and its insertion
into â-sheet A, and also of the interaction of PAI-1 with
t-PA, 19F NMR experiments were performed on the 5F-Trp-
incorporated PAI-1s in the cleaved conformation and in
complex with t-PA. Cleaved proteins were obtained by

FIGURE 2: The19F NMR spectra of PAI-1s in the active conforma-
tion. 5F-Trp-labeled PAI-1 was typically 50-80 µM in 5 mM
sodium phosphate, 345 mM NaCl, 1 mM EDTA, and pH 6.6: (A)
5FW wt, (B) 5FW86, (C) 5FW139, (D) 5FW175, and (E) 5FW262.
All samples contained 10% D2O as the lock solvent. Spectra were
acquired at 20°C at 564 MHz on a Bruker 600 MHz spectrometer.
Standard spectral parameters were 12 000-Hz spectral width, 60°
pulse width, 500 ms relaxation delay, and 25 Hz line broadening
with no decoupling. Frequencies were relative to trifluoroacetic acid
at 0 ppm. A total of 30 000 scans per sample was acquired.

FIGURE 3: The 19F NMR spectra of PAI-1s in the RCL-cleaved
conformation. Proteins were cleaved between the P3-P4 residues
of the RCL by fluxing 5F-Trp-labeled PAI-1s through a 1 mLNHS-
activated Sepharose column coupled with elastase: (A) cleaved
5FW wt, (B) cleaved 5FW86, (C) cleaved 5FW139, (D) cleaved
5FW175, and (E) cleaved 5FW262. Protein samples and spectral
measurements were the same as those described in Figure 1. A
total of 40 000 scans per sample was acquired.
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fluxing PAI-1 proteins through a 1 mLSepharose column
that had been coupled with elastase. Elastase cleaved the
RCL at the P3-P4 residues, without forming a covalent
complex with PAI-1, thus allowing loop insertion to occur
(60). To ensure that cleavage was complete, a small aliquot
of the column effluent was mixed with t-PA and run on a
10% SDS-PAGE with nonreducing sample buffer. The gel
did not show a band corresponding to the MW of the PAI-

1/t-PA complex. This observation reflected the inability of
PAI-1 to form an adduct with t-PA and, in conjunction with
the observed electrophoretic migration of PAI-1, was taken
as confirmation of RCL cleavage (data not shown). Figure
3 shows the19F NMR spectra of the RCL cleaved proteins.
On comparison of the active PAI-1 spectra, peak sharpening
was seen in the spectra of cleaved 5FW86, 5FW175, and
5FW262 mutants. There was a negligible increase in the line
width observed in the spectra of cleaved 5FW139. Table 5
summarizes the line widths of the four tryptophan residues
in PAI-1 in both the active and cleaved forms. Significant
downfield chemical shifts were observed in the spectra of
the cleaved 5FW86 (∼2.8 ppm) and 5FW139 (∼2.4 ppm)
and to a lesser extent in cleaved 5FW175 (∼1 ppm). A
smaller upfield chemical shift (∼0.6 ppm) was observed in
the cleaved 5FW262 spectrum.

19F NMR spectra from experiments in which a stoichio-
metric amount of t-PA was added to PAI-1 variants are
shown in Figure 4. Owing to the amount of precipitation in
the NMR tube upon addition of t-PA to PAI-1, several
attempts were required to achieve satisfactory spectra. To
ensure that the spectra acquired from these experiments were
indeed that of PAI-1 in complex with t-PA, a small aliquot
was removed from all NMR sample tubes after data
acquisition was completed. These aliquots were briefly
centrifuged, and the supernatant was resolved on a nonre-
ducing SDS-PAGE gel. These results are shown in Figure
5. Another consideration was the stability of the complex
over the time course of the experiment such that breakdown
of the complex (i.e., deacylation) did not occur to any
significant degree. Appropriately, all PAI-1 variants were
mixed with t-PA and resolved on a 10% SDS gel after a
period of 15 min and 14 h following mixing. Inspection of
the gels showed no change in the nature of the complex over
the time frame of the NMR experiments (data not shown).
The chemical shifts observed of PAI-1 variants in the
complex with t-PA were almost identical to the shifts

FIGURE 4: The19F NMR spectra of PAI-1s in complex with t-PA.
A stoichiometric amount of t-PA in 30 mM sodium phosphate, 135
mM NaCl, 20 mM EACA, 1 mM EDTA, and pH 6.6, was added
to each PAI-1 mutant: (A) 5FW wt+ t-PA, (B) 5FW86+ t-PA,
(C) 5FW139+ t-PA, (D) 5FW175+ t-PA, and (E) 5FW262+
t-PA. In some cases precipitation was immediately evident, while
in other instances very little precipitant accumulated over the time
course of the experiment. Spectral measurements were the same
as those described in Figure 1 with 50 Hz line broadening. A total
of 40 000 scans per sample was acquired.

Table 4: 19F NMR Resonance Assignments of 5F-Trp-Labeled
PAI-1s in the Active and Cleaved Forms and in Complex with
t-PAa

active cleaved
complex
with t-PA

5FW wt -39.20,-49.26,
-50.74,-52.57

-38.57,-46.99,
-47.73,-53.20

-38.49,-47.26,
-47.77,-53.35

5FW86 -50.55 -47.75 -47.87
5FW139 -49.37 -46.99 -47.33
5FW175 -39.99 -38.93 -39.07
5FW262 -52.83 -53.41 -53.44

a 19F NMR resonance assignments (ppm) were determined from
samples ranging from 50 to 80µM in 5 mM sodium phosphate, 345
mM NaCl, 1 mM EDTA, and pH 6.6 at 20°C. For determination of
the resonance assignments of PAI-1 in complex with t-PA, t-PA in 30
mM sodium phosphate, 135 mM NaCl, 20 mM EACA, 1 mM EDTA,
and pH 6.6 was added in a stoichiometric amount to PAI-1 samples
and run under the same conditions as that for the active and cleaved
forms as described in the Materials and Methods.

Table 5: Line Widths of Assigned 5F-Trp-Labeled Residues of
Active and Cleaved wtPAI-1a

residue active (Hz) cleaved (Hz)

Trp86 294 122
Trp139 141 150
Trp175 222 165
Trp262 179 147

a Line widths (Hz) were determined at half-height of the peak
intensity. Line broadening of 25 Hz was used in processing the spectra
and not subtracted from the data shown in the table.

FIGURE 5: SDS-PAGE gel showing the relative amounts of cleaved
and complexed 5F-Trp-labeled PAI-1 variants. Samples were
removed upon completion of NMR experiments, mixed with
nonreducing sample buffer, and resolved on 10% SDS-PAGE:
lane 1, 5FW wt; lane 2, 5FW86; lane 3, 5FW139; lane 4, 5FW175;
lane 5, 5FW262; lane M, low molecular weight markers.
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observed in the cleaved forms of PAI-1 mutants shown in
Figure 3. The most notable observation was that of the
spectrum of 5FW175 in complex with t-PA (Figure 4d)
where the peak broadened significantly. Upon increase of
the temperature of the 5FW175/t-PA complex from 20 to
30 °C, no changes were observed in the spectrum. It was
not possible to measure line widths of the t-PA complexed
forms owing to inadequate resolution of the peaks from
the baseline. Figure 6 shows the19F NMR spectra of the
5F-Trp-labeled wild-type protein in its active, cleaved, and
complexed forms, demonstrating the chemical shifts resulting
from RCL cleavage and its subsequent insertion into the body
of the serpin.

DISCUSSION

Efficiency of 5F-Trp Incorporation into PAI-1 and its
Effect on PAI-1 Expression and Function.Various methods
have been used to assess the level of tryptophan analogue
incorporation in proteins (66, 67). Mass spectral analysis is
one method frequently used to characterize proteins (68) and
thus may be a method to assess the level of analogue
incorporation. Biosynthetic incorporation of aromatic amino
acid analogues into proteins provides a useful strategy by
which one can investigate structure and function relationships
using fluorescence (48). In such work, it is necessary to
determine the level of incorporation of the analogue into the
protein of interest.

An alternative to determine analogue incorporation was
required. Sulfonic acids are nonoxidizing strong acids and
have been shown to be appropriate for protein hydrolysis
leading to quantitative tryptophan determination (63, 69).
Such methods of analogue quantitation have been developed
and were used in this work (unpublished data) (62). The
incorporation efficiency for most mutants was satisfactory.
Evidence that the fluorine moiety has an effect on PAI-1
function was suggested by a decreasedkappobserved in 5FW
wt PAI-1 on comparison to its natural tryptophan counterpart.
All 5F-Trp-labeled variants displayed inhibitory activity
toward t-PA, but altered kinetic properties suggest that the

tryptophan to phenylalanine replacements have an effect upon
the inhibitory activities of these proteins toward t-PA. This
implies that slight conformational changes have occurred due
to the fluorine substitution and reduction of the size of the
amino acid from tryptophan to phenylalanine. In other work
where tryptophan analogues have been incorporated into
proteins, lower levels of expression were observed in these
proteins (70).

19F NMR Spectra of 5F-Trp-Incorporated PAI-1. NMR
methods provide information on conformational changes and
structural dynamics that is not available in structures obtained
by X-ray crystallography. It has been shown in this work
that 5F-Trp can be incorporated into PAI-1. This permitted
a 19F NMR study of PAI-1 in its active, cleaved, and
complexed forms. The19F NMR spectra of 5FW wt in its
native, cleaved, and complexed forms (Figure 6) show four
distinct resonances and indicated that each tryptophan residue
experiences a unique environment.

The 19F NMR resonances of the three forms reveal im-
portant aspects of the changes in the local structures con-
taining tryptophan residues that take place upon cleavage of
PAI-1. There is a consistency when one compares the19F
NMR resonance changes between the active and cleaved
forms with those seen in the changes in the crystal structure
of the same species. There are significant changes in the local
structures in the vicinity of Trp86 and Trp139, while there
are only small changes observed in the vicinity of Trp175
and Trp262. The importance of the observations reported
herein is the high degree of similarity of the resonances for
the cleaved and t-PA complexed forms. No crystal structure
data exist for this latter complex. This work indicates that
the structure of the t-PA complex form is similar to that of
the cleaved form. The observation of extensive broadening
of the resonance observed in the spectrum of 5FW175 in
complex with t-PA may be due to a change in the chemical
shift anisotropy. The total molecular weight of the complex
being much greater than that of the cleaved form would lead
to a large increase in the rotational correlation time of the
complex. However, one would expect a similar line broaden-

FIGURE 6: The19F NMR spectra of 5FW wtPAI-1 in the active and cleaved forms and in complex with t-PA. A comparison of the spectra
of 5F-Trp-labeled wtPAI-1 demonstrating the chemical shifts and peak appearances in the (A) active conformation, (B) cleaved conformation,
and (C) in complex with t-PA is shown. Protein samples and spectral measurements were the same as those described in Figure 1 with 50
Hz line broadening for the complexed spectra.
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ing to occur for the other 5F-Trp resonances in the protein.
An alternate rationalization would be that the local confor-
mational flexibility of the protein segment containing the
Trp175 residue is reduced in the complex, becoming con-
formationally restricted, and thus a broadening of the19F
resonance was observed. This report provides new informa-
tion on the structure of PAI-1 in its complex with t-PA
showing that segments containing Trp86, Trp139, and
Trp262 are similar to that in the cleaved form while Trp175
becomes conformationally restricted.

There were additional local structural features that the
resonance positions initially suggested on going from the
active form to the cleaved/complexed forms. For example,
the changes observed in the19F NMR spectra would indicate
that Trp86 and Trp139 were deshielded and suggested a more
hydrophobic environment. These inferences come from
studies by Robertson et al. (71) in which these investigators
had characterized the19F chemical shifts of 5-fluoroindole
(5FI) in various environments. In their report, Robertson et
al. had stated that the19F resonance of 5FI moves downfield
with decreasing solvent polarity. On the basis of this work
alone without crystal structure evidence, one would assume
that the Trp86 and Trp139 residues become more buried upon
RCL cleavage. The Trp175 resonance position was also
highly unusual and was suggestive of a deeply buried residue.
Again, without crystal structure information, the Trp262
resonance position would be rationalized as a highly shielded
solvent-exposed environment. Close examination of the
crystal structure(s) appears to be inconsistent with aspects
of these interpretations. However, interactions from local
structural elements seen in the crystal structure(s) may
rationalize these anomalous resonance positions and add to
the database for interpretation of19F NMR resonances in
proteins.

Trp86 is located at the turn connecting helix D with strand
2A. The19F resonance observed in the active 5FW86 spectra
at -50.55 ppm is consistent with Trp86 being in a solvent-
exposed environment. The broadness of this peak was
attributed to the conformational freedom of the 5F-Trp
residue, where the fluorine atom is sampling a variety of
structural conformers in a medium exchange regime (50).
The fluorine on this tryptophan residue may be experiencing
a segmental change that is modulated by the neighboring
Pro85 residue. The cis-trans isomerization of Pro85 may
contribute to the broad peak observed in both the active 5FW
wt and 5FW86 spectra at this resonance position. This has
been suggested before in the case of the GGR in which
Pro231 is in van der Waals contact with Trp133 (50). RCL
cleavage by either elastase or reaction with t-PA resulted in
the largest downfield chemical shift of the 5FW86 resonance
observed for the four tryptophan residues. This would suggest
that in cleavage or complexation, Trp86 moves into a less
solvent-exposed environment. There was also a dramatic
sharpening of this resonance. Changes in solvent accessibility
alone cannot account for the downfield chemical shift re-
ported in the cleaved and complexed spectra. Other structural
elements may explain the change in the chemical shift.
Residues within a 5 Å radius of the Trp86 residue in the
active conformation were observed to have significantly
increased their distance from Trp86 in the cleaved form.
Specifically, the oxygen atoms of the carboxylate group of
Glu90 are 3.9 Å from the C5 hydrogen of the indole ring in

the active form. This distance increases to 13.5 Å in the
cleaved form. Similarly for His229, the distance between
the N3 nitrogen of the imidazole ring and the C5 hydrogen
of the indole ring is 4.4 Å, increasing to 15.5 Å in the cleaved
form. The N2 nitrogen of the imidazole ring of His364 is
6.1 Å from the C5 hydrogen of the indole ring in the active
form, increasing to 10.7 Å in the cleaved form. In the serpin’s
active form, these residues (Figure 7a) may shield the fluorine
on the Trp86 residue, resulting in the higher field resonance
observed than what one would expect for a typical solvent-
exposed residue. The movement of these residues away from
Trp86 concomitant with RCL cleavage may lead to the loss
of this shielding and thus contribute to the downfield
chemical shift observed in the cleaved and complexed
spectra.

Trp139 is found on the internal side of helix F, which
moves during the Sf R transition and facilitatesâ-sheet A
rearrangement allowing loop insertion to occur (5, 11, 72).
The chemical shift assigned to Trp139 in the active form
suggests solvent exposure. The notable observation is the
sharpness of this peak and is consistent with the interpretation
that there is only one conformation experienced by this
fluorine atom. A prominent downfield shift with a marginal
increase in the peak width is shown in the cleaved 5FW139
spectrum. Inspection of the cleaved crystal structure indicates
thatTrp139 becomes more buried in the protein interior. The

FIGURE 7: The local environment of Trp86, Trp175, and Trp262
in the active form of PAI-1 (26): (A) The charged residues Glu90,
His229, and His364 are 3.9, 4.4, and 6.1 Å from the C5 hydrogen
of the indole ring of Trp86, respectively. Examples of aromatic
stacking are observed with (B) Trp183 and Phe16 of the glucose-
galactose binding protein (PDB 2GBP) (50) and with (C) Trp175
and Tyr228 in PAI-1. The19F resonance observed for Trp183 is
approximately-42.8 ppm and is within 10 Å of Phe16.D-Glucose
is sandwiched between Trp183 and Phe16. The19F resonance
observed for Trp175 is-39.20 ppm and is within than 4 Å from
Tyr228. The aromatic rings of these two residues are coplanar. The
sulfur of Met235 is within 4.6 Å from the C6 hydrogen of the indole
ring of Trp175. (D) The local environment around Trp262 shows
the location of residues Phe213 and Phe236 in PAI-1. All carbon
atoms in the phenyl ring of Phe213 are within 3 Å from the N1
hydrogen in the indole ring of Trp262. The C1 carbon of Phe236
is within 4.6 Å from the C5 hydrogen of Trp262. Line representa-
tions follow the coloring scheme gray) carbon, blue) nitrogen,
yellow ) sulfur, and red) oxygen. Structures were generated in
ViewerLite 5.0 (Accelrys, San Diego, CA).
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distance between small hydrophobic residues such as Val166
and Ala168 on s3A and the indole ring of Trp139 decreased
considerably and allowed a more intimate association
between these residues and Trp139. The C2 carbon of Val166
is 10.8 Å from the C5 hydrogen of Trp139 in the active form
and decreases to 3.7 Å upon RCL cleavage. Likewise for
Ala168, a decrease from 12.2 Å in the active form to 3.6 Å
in the cleaved form between the C2 carbon and the C5
hydrogen of the indole ring are observed. This marked
decrease in distance between these small aliphatic chains and
the fluorine atom may account for the downfield chemical
shift as the fluorine is deshielded relative to the conformation
in the active form. Thus it would seem that upon RCL
cleavage, the downfield shift of this resonance corresponds
with an increased hydrophobic environment.

Trp175 is found at the top in the breach region connecting
s3A with s3C at the point where the RCL first inserts. Trp175
is the most conserved tryptophan residue in the serpin family
(3). The anomalous low-field assignment observed for
Trp175 residue is unique in that 5F-Trp-labeled proteins
rarely display a resonance this far downfield. Resonances
in this spectral area have been observed in 3-fluorophenyl-
alanine- or 4-fluorophenylalanine-labeled proteins (50). The
5FW175 resonance at this position could be due to the
interactions of numerous aromatic residues in the near
vicinity. Aromatic stacking of these residues with the fluorine
could potentially shift the resonance for this fluorine to such
a downfield location. Such downfield shifts, although not
as dramatic, were observed with 5F-Trp183 in the GGR, in
which a sugar residue was sandwiched between Trp183 and
a neighboring phenylalanine and is shown in Figure 7b. (50).
Evidence of aromatic stacking is shown in Figure 7c, in
which the phenyl ring of Tyr228 is within 4 Å of theindole
ring of Trp175. These two aromatic rings are almost perfectly
coplanar with one another and the fluorine substituent of the
Trp175 residue lies in the center of the phenyl moiety of
tyrosine such that it is equidistant from all carbons of the
phenyl ring. The close proximity and orientation of the two
aromatic systems with respect to one another, coupled with
the location of the fluorine atom may explain the particular
low-field resonance observed for this residue. A large
polarizable atom such as sulfur found in the nearby Met235
(Figure 7c) is within 5 Å of the C5hydrogen on Trp175
and may also affect the shielding around Trp175. The
orientation and location of all residues within a 5 Å radius
of Trp175 does not change appreciably when one compares
the active and cleaved conformations of PAI-1. The obvious
exception is Thr333 (P14), which upon loop insertion, flips
over and moves to within 5 Å of Trp175. These small
structural changes may explain the small downfield chemical
shift observed when loop insertion takes place. The most
interesting observation as described above was that the
resonance in the spectrum of 5FW175 in complex with t-PA
has disappeared into the baseline (Figure 4d) while in the
spectrum of the active protein a sharp peak was observed
(Figure 2d).

Trp262 is located in helix H. The spectrum of active
5FW262 presented the most upfield resonance. The criteria
of Robertson et al. would then suggest that this residue is
the most solvent-exposed residue of the four tryptophan
residues found in PAI-1. However, our fluorescence studies
(unpublished data) indicate that Trp262 is the most buried

residue of the four Trps in PAI-1, and this is consistent with
the crystal structure (26, 28). This leads us to believe that
this chemical shift position in the 5FW262 spectrum is not
a function of solvent exposure but a function of the local
environment surrounding the fluorine atom. Danielson and
Falke (35) have noted that van der Waals interactions may
be the primary factor that influence downfield chemical shifts
from that of the denatured protein resonance. The fact that
resonances are also observed upfield in the denatured protein
spectra would indicate some other phenomena may be
responsible for these upfield shifts, and they have been
attributed to electrostatic interactions (73, 74). There are
several suggestions for the possible origin of this anomalous
chemical shift in 5FW262. Inspection of the crystal structure
showed that Trp262 of helix H points inward towardâ sheet
B. The residues Phe213 and Phe236 of s1B and s3B,
respectively, and Leu359 and Val361 of s4B form a
“hydrophobic cup” around Trp262. All carbon atoms in the
phenyl ring of Phe213 are less than 3 Å from the N1
hydrogen in the indole ring of Trp262. The phenyl ring of
Phe213 is perpendicular to the indole ring. The C1 carbon
of Phe236 is less than 4.6 Å from the C5 hydrogen of Trp262
and lies at an oblique angle to the indole ring. The magnetic
effects of ring currents from these two phenylalanine residues
(Figure 7d) may explain the anomalously high upfield reso-
nance observed for 5FW262. Small upfield chemical shifts
were observed in the cleaved and complexed 5FW262 spectra
as a result of minor shifts in the side chains of neighboring
amino acid residues. Like that of Trp175, the crystal
structures of the active and cleaved forms show that the
orientation and location of residues around Trp262 does not
change appreciably, reflected by the small change in the
chemical shift.

The cleaved and complexed spectra of 5FW86, 5FW139,
and 5FW262 are quite similar, suggestive of equivalent
chemical environments in both the cleaved and complexed
forms. This is not surprising in the light of other studies
(13, 18, 20). Stratikos and Gettins (18) observed that a
cysteine variant ofR1-proteinase inhibitor (R1-PI) Pittsburgh,
fluorescently labeled at residue 159 of helix F, was insensi-
tive to complex formation and concluded that the proteinase
was not in contact with the external face of helix F. This is
also in agreement with the crystal structure of the trypsin/
R1-antitrypsin complex (13). An earlier 2D NMR study of
R1-PI also indicated that there was a close correspondence
in the [1H-15N] resonance positions in the spectra of the
trypsin/R1-PI complex and the cleavedR1-PI (20).

It is possible that the19F spectrum of the complexed form
is a composite of the cleaved and complexed species.
However, the SDS gel (Figure 5) shows there is only a very
small amount of cleaved 5FW wtPAI-1 in solution with 5FW
wtPAI-1 in complex with t-PA (lane 1) being the dominant
component. Therefore, the resonances observed in the
spectrum of 5FW wtPAI-1 in complex with t-PA (Figure
4a) can be attributed to the complexed form owing to the
small quantity of cleaved serpin. Similarly, the same can be
said of 5FW175 and 5FW262. In the case with 5FW86 and
5FW139, there is a larger amount of the cleaved serpin in
solution with the complex. However, these resonances agree
well with those observed in the 5FW wtPAI-1 spectra,
confirming that the cleaved and complexed forms have
similar spectra. Other structural studies using proteolysis (75)
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and fluorescence (76, 77) have compared both the cleaved
and complexed serpins. These studies demonstrated a very
close similarity for the cleaved and complexed forms. Our
data are consistent with these studies and thus support the
hypothesis proposed by Wright and Scarsdale (78).

Last, it would be appropriate to comment on19F NMR
studies of another serpin, antithrombin (AT), labeled with
6F-Trp (49). Like PAI-1, AT contains four tryptophan
residues, three of which are conserved in PAI-1. Trp189,
Trp225, and Trp307 in AT correspond to Trp139, Trp175,
and Trp262 in PAI-1, respectively. Trp48 of AT and Trp86
of PAI-1 are located in different domains of their respective
proteins. It is difficult to compare the relative positions of
the resonances observed in these two proteins owing to the
different 5F-Trp analogue used. However, it is useful to make
some qualitative comparisons between the spectra of these
two proteins. The authors speculate that the two overlapping
resonances at-44.4 ppm belong to Trp189 and Trp225
suggesting similar buried environments. In the active 5FW
wt spectrum of PAI-1 (Figure 2A) resonance assignments
for Trp139 and Trp175, the analogous residues to Trp189
and Trp225 in AT, are well resolved from one another.
However, the resonance assigned to a buried Trp225 at-44.4
ppm in AT makes the resonance observed at-39.99 ppm
for Trp175 in PAI-1 even more remarkable, demonstrating
the unique structural environment around Trp175. It would
appear that the resonance assigned to Trp307 is comparable
to Trp262 in PAI-1, except in the case of Trp307, a number
of charged and polar residues, notably several glutamate
residues, are in close proximity to Trp307 and thus the
resonance observed for Trp307 is justified. This is not the
case with Trp262 in which the local environment is
hydrophobic with no polar residues within 8 Å. As we have
suggested, the resonance for Trp262 is anomalously high
owing to the proximity and orientation of hydrophobic
residues as observed in the crystal structure (Figure 7d).
Additional 19F NMR studies on AT and PAI-1 may provide
new information on the effect that local structural elements
have on19F chemical shifts.

Conclusion.This report has provided additional informa-
tion on structural changes that occur in PAI-1 in the active,
cleaved, and complexed forms. The data show that upon RCL
cleavage and loop insertion into the body of the serpin,
resonances assigned to Trp86 and Trp139 undergo large
downfield chemical shifts, and the data are consistent with
the major structural changes observed in the crystal structures
of active and cleaved PAI-1. Smaller chemical shifts were
observed with Trp175 and Trp262, and these are consistent
with minor structural changes observed the local environment
of these residues as seen in the crystal structures. Unique
19F NMR resonance assignments for 5F-Trp incorporated
PAI-1s were observed for the 5FW175 and 5FW262 mutants
and were attributed to local structural elements. The anoma-
lous resonances observed for 5FW175 and 5FW262 mutants
suggests that additional studies of model systems are required
to understand these resonances.
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