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ABSTRACT To determine whether formation of the sta-
ble complex between a serpin and a target proteinase involves
a major translocation of the proteinase from its initial posi-
tion in the noncovalent Michaelis complex, we have used
fluorescence resonance energy transfer to measure the sepa-
ration between fluorescein attached to a single cysteine on the
serpin and tetramethylrhodamine conjugated to the protein-
ase. The interf luorophore separation was determined for the
noncovalent Michaelis-like complex formed between a1-
proteinase inhibitor (Pittsburgh variant) and anhydrotrypsin
and for the stable complex between the same serpin and
trypsin. A difference in separation between the two fluoro-
phores of '21 Å was found for the two types of complex. This
demonstrates a major movement of the proteinase in going
from the initial noncovalent encounter complex to the kinet-
ically stable complex. The change in interf luorophore sepa-
ration is most readily understood in terms of movement of the
proteinase from the reactive center end of the serpin toward
the distal end, as the covalently attached reactive center loop
inserts into b-sheet A of the serpin.

The inhibitory members of the serpin superfamily of proteins
form complexes with target proteinases in fundamentally differ-
ent ways from those of nonserpin inhibitors, such as the Kunitz
and Kazal classes of protein inhibitor (1). Whereas nonserpin
inhibitors form thermodynamically stable tight complexes with
proteinases through extensive noncovalent interactions and do
not require the participation of the active site serine of the
proteinase (2), serpins form kinetically stabilized complexes that
require full functioning of the catalytic apparatus of the protein-
ase to form a covalent complex between the active site serine and
the serpin (3). Although the nature of the covalent serpin–
proteinase complex has not been unequivocally established, it
appears likely to be an acyl enzyme complex that represents a
normal intermediate on the substrate pathway of a serine pro-
teinase (4, 5). For this reason, serpins have been called suicide
substrate inhibitors (6), since they develop their inhibitory pro-
pensity only after the initial interactions with the proteinase as a
normal substrate (7).
In the absence of an x-ray structure of a serpin–proteinase

complex, the nature of the kinetically trapped species has re-
mained conjectural. Two very different types of structure have
been envisioned. In one, the trapped covalent complex resembles
the initially formed noncovalent Michaelis complex, with the
relative positions of proteinase and serpin very similar to those in
theMichaelis complex (Fig. 1). Such a complex could explain the
apparent reversibility of certain serpin–proteinase complexes (8).
The second type of structure involves a translocation of the

proteinase from its initial position in the Michaelis complex
toward the distal end of the serpin, as a result of the insertion of
the reactive center loop into b-sheet A of the serpin (Fig. 1; refs.
1 and 9). Such a process is thermodynamically favorable for
serpins, since their normal conformation represents a metastable
state that can change to the most stable state through insertion
of the reactive center loop into b-sheet A. Such a complex could
explain the irreversible nature of most serpin–proteinase com-
plexes and the need for facile insertion of the reactive center loop
into b-sheet A for efficient inhibition to occur (10–13).
To distinguish between such very different models, we have

used fluorescence resonance energy transfer between exogenous
fluorophores introduced into trypsin and the serpina1-proteinase
inhibitor Pittsburgh (14) tomeasure the separation between these
fluorophores in the normal covalent serpin–proteinase complex
and in a noncovalent complex that resembles the initial Michaelis
complex. The large observed increase in separation between the
fluorophores in the noncovalent and covalent complexes (Dr' 21
Å) is only consistent with a large movement of the proteinase
upon formation of the kinetically trapped covalent complex, as
would occur upon insertion of the reactive center loop into
b-sheet A of the serpin.

MATERIALS AND METHODS

Preparation of Anhydrotrypsin and b-Trypsin. Anhydrotryp-
sin was prepared from commercial crystallized trypsin (Sigma) by
alkaline b-elimination of the phenylmethylsulfonyl fluoride
(PMSF) adduct according to published procedures (15). Follow-
ing the reaction, the solution was treated with Phe-Phe-Arg
chloromethylketone (20 mM) to inhibit any remaining or regen-
erated active trypsin and acidified to pH 3.0. b-Anhydrotrypsin
was purified from the reaction mixture by chromatography on a
soybean trypsin inhibitor affinity matrix. The absence of proteo-
lytic activity in the product was confirmed by activity assay using
the chromogenic trypsin substrate S-2222 (Pharmacia Hepar,
Franklin, OH). b-Trypsin was prepared from L-1-tosylamido-2-
phenylethyl chloromethyl ketone (TPCK)-treated commercial
trypsin (Sigma) by affinity chromatography using the same
soybean trypsin inhibitor affinity matrix.
Labeling of Proteins with Fluorophores. The Pittsburgh vari-

ant of a1-proteinase inhibitor was specifically labeled on the only
free cysteine in the protein (Cys-232) by reaction with 5-iodoac-
etamidofluorescein (5-IAF; Molecular Probes). a1-Proteinase
inhibitor was reduced with a 3-fold molar excess of dithiothreitol
for 20 min at room temperature and then reacted with a 12-fold
molar excess of 5-IAF overnight at 48C in the dark. Excess reagent
was removed by extensive dialysis against 20mMphosphate buffer
(pH7.4) containing 100mMNaCl, 0.1mMEDTA,and0.1%PEG
8000. The extent of labeling was determined spectrophotometri-
cally using an extinction coefficient of 70,000 M21zcm21 and was
found to have 0.95 labels per protein molecule.
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Labeling of b-trypsin and b-anhydrotrypsin was carried out by
reaction with tetramethylrhodamine isothiocyanate at pH 9.0
under identical conditions for both proteins. Although the reac-
tion was expected to be relatively nonspecific, it was found to
result in incorporation of less than one tetramethylrhodamine,
even with extended reaction times, suggesting a specific labeling
of one lysine side chain. To prevent autolysis of the trypsin under
the conditions of labeling, the reactions were carried out on
complexes between soybean trypsin inhibitor and either b-trypsin
or b-anhydrotrypsin. The protein was immobilized on soybean
trypsin inhibitor-Sepharose beads at pH 4.0 and any unbound
material removed by several washes. The pH of the proteinase
complex with soybean trypsin inhibitor was adjusted to pH 9.1
with several washes of 0.1 M Na2CO3 buffer. A 10-fold molar
excess of tetramethylrhodamine isothiocyanate was added from a
stock solution in dimethylformamide. The reaction was allowed
to proceed for 3 hr at room temperature with gentle rocking. The
beads were thenwashedwith 0.1MNa2CO3 buffer to remove any
unreacted probe and any unbound protein. Labeled b-trypsin or
b-anhydrotrypsin was eluted from the soybean trypsin inhibitor
beads by resuspending the washed beads in 0.1 M citrate buffer
(pH 2.9) and incubating for 5 min at room temperature. The
supernatant was collected and dialyzed against 1 mM HCly10
mM CaCl2 to remove any remaining free probe. The extent of
labeling was determined spectrophotometrically using an extinc-
tion coefficient for the tetramethylrhodamine–protein adduct of
62,000 M21zcm21. A labeling ratio of 0.79:1 was obtained for

b-anhydrotrypsin and a ratio of 1.01:1 was obtained for b-trypsin.
The labeledb-trypsin was dilutedwith unlabeledb-trypsin to give
equivalent degrees of labeling (0.79:1) for both active and inactive
proteinase species for subsequent titrations. Measured efficien-
cies of resonance energy transfer were subsequently normalized
to a label:protein ratio of 1:1 for calculation of interfluorophore
separations.
The ability of both labeled a1-proteinase inhibitor and labeled

trypsin to form stable covalent complex was determined by
SDSyPAGE. A reaction mixture of the two components showed
a high molecular weight band corresponding to the SDS-stable
covalent complex, which exhibited fluorescence from both fluo-
rescein and rhodamine fluorophores. The stoichiometry of inhi-
bition was determined to be close to the expected 1:1.
Gel Electrophoresis. Polyacrylamide gel electrophoresis was

carried out on 10% slab gels according to the procedure of
Laemmli (16) for SDSyPAGE or according to the procedure of
Davis (17) for gels run under nondenaturing conditions.
Fluorescence Measurements. Fluorescence measurements

were performed on an SLM8000 fluorimeter (SLM–Aminco;
Urbana, IL). Emission spectra were recorded with excitation and
emission slits of 4 nm, with excitation at 340 nm. Spectra were
scanned at 2-nm intervals with a 5-sec integration time. For
donoryacceptor titrations monitored at constant wavelength,
excitation was at 340 nm and emission was at 515 nm (at which
the contribution from tetramethylrhodamine is negligible).
Calculation of Interfluorophore Separation. The separation,

R, between the fluoresceinytetramethylrhodamine donory

FIG. 1. The branched suicide substrate pathway of serpins (I) interacting with proteinase (E), showing the possible types of structure for the
different intermediates and products. The initial noncovalent Michaelis-like complex (EI) is expected to resemble non-serpin proteinase–inhibitor
complexes such as those of bovine pancreatic trypsin inhibitor (BPTI) and trypsin. The structure of cleaved serpin (I*; the product of the substrate
branch of the pathway) is known for several serpins and has the cleaved reactive center loop completely inserted into b-sheet A. Two different
types of structure are shown for the stable complex (EI1). In one, little or no movement of the proteinase has occurred and stabilization results
largely from noncovalent interaction with the serpin. In the other, the P1–P19 peptide bond has been cleaved, permitting complete loop insertion,
with the intermediate trapped at the stage of the covalent acyl enzyme intermediate. The EI1 complex can decay very slowly (k5) to cleaved serpin
and free proteinase.
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acceptor pair was calculated from the reduction in emission
intensity of the donor fluorophore as a result of nonradiative
energy transfer to the acceptor, using Eq. 1:

R 5 R0~1yE 2 1!1y6, [1]

where E is the measured efficiency of energy transfer expressed
as the fractional reduction in donor emission intensity and R0 is
the separation for 50% efficiency of energy transfer (18). R0
depends on the spectral properties of the donor and acceptor
fluorophores in the system under study and is given by Eq. 2:

R0 5 9.7 3 103~Jk2n24FD)1y6, [2]

where J is the overlap integral, k2 is the orientation factor, n is the
refractive index, andFD is the donor (fluorescein) quantum yield.
The overlap integral was calculated from the fluorescence emis-
sion spectrum of fluorescein-labeled a1-proteinase inhibitor
Pittsburgh and the absorption spectrum of the tetramethylrho-
damine-labeled trypsin sample. The quantum yield of the donor
was calculated from the integrated emission spectrum of fluo-
rescein-labeled a1-proteinase inhibitor Pittsburgh referenced to
the emission spectrum of quinine sulfate in 1 M sulfuric acid,
which has a known quantum yield of 0.55 (19). A value of 0.144
was calculated. A value of 1.4 was used for the refractive index
(20). In the absence of other information on the orientation
factor, a value of 2y3, which corresponds to isotropic rotation of
both fluorophores, is frequently used and was used here.
Binding of Wild-Type and Pittsburgh Variant a1-Proteinase

Inhibitor to Anhydrotrypsin. Complex formation between a1-
proteinase inhibitors and anhydrotrypsin was monitored by the
change in fluorescence of p-aminobenzamidine upon displace-
ment from anhydrotrypsin that occurred upon interaction with
the serpin (21). a1-Proteinase inhibitor was titrated into a cuvette
containing 4.5 mM anhydrotrypsin and 100 mM p-aminobenz-
amidine. Change in fluorescence of the bound probe was mon-
itored at 345 nm, with excitation at 325 nm.
Molecular Modeling. Possible complexes between trypsin or

anhydrotrypsin and a1-proteinase inhibitor were modeled using
Biopolymer (Tripos Associates, St. Louis) and the structures of
cleaved a1-proteinase inhibitor (22), native antithrombin het-
erodimer (23), and b-trypsin (24). The heterodimer structure of
antithrombin has one monomer in the latent conformation and
the other with the reactive center exposed and extended. The
monomerwith the exposed and extended reactive center loopwas
used to model the noncovalent Michaelis-like complex between
a1-proteinase inhibitor and anhydrotrypsin, whereas the loop-
inserted monomer was used to construct models of the covalent
complex. We are aware that there is likely to be some structural
differences between these starting structures and the equivalent
species in the complex. However, for the purposes of obtaining
reasonable separations between the fluorophores in the different
types of complex, this approximation to rigid bodies seems appro-
priate.
Materials. 5-IAF and tetramethylrhodamine isothiocyanate

were from Molecular Probes. Wild-type a1-proteinase inhibitor
was a recombinant protein previously expressed in baby hamster
kidney cells (11). The P1 M 3 R variant of a1-proteinase
inhibitor was a recombinant protein expressed in Escherichia coli
(25) and was a gift from Philip Patston (University of Illinois,
Chicago).

RESULTS AND DISCUSSION

a1-Proteinase Inhibitor Pittsburgh Forms a Tight Noncova-
lent Complex with Anhydrotrypsin. Since nonserpin protein
inhibitors of serine proteinases do not require the active site
serine for formation of tight noncovalent complexes with target
proteinases, the conversion of the active site serine to a dehy-
droalanine does not greatly reduce the strength of the highly

complementary noncovalent interactions (2). In contrast, the
same conversion of serine to dehydroalanine greatly affects the
interaction between the proteinase and a serpin inhibitor, since
the serpin is no longer able to bind covalently to the proteinase
and, consequently, the strength of the interaction is deter-
mined by much less effective noncovalent interactions. It has
previously been shown for a1-proteinase inhibitor that the
noncovalent complex it forms with anhydrotrypsin has a KD of
only '20 mM (3). This was considered too weak to enable
saturation of the serpin with anhydrotrypsin under optimal
experimental conditions. We therefore determined the
strength of the noncovalent complex between anhydrotrypsin
and a variant of a1-proteinase inhibitor in which the P1 residue
had been mutated from methionine to arginine (Pittsburgh
variant), to see if this variant could be used to give a more
suitable tight binding interaction. The replacement of arginine
for methionine greatly increased the strength of the interac-
tion, decreasing KD from '20 mM to '5 nM (Fig. 2; see Fig.
4). This increase in affinity was great enough to permit
saturation of the serpin with anhydroproteinase in subsequent
fluorescence resonance energy transfer measurements.
Bothwild-type andP1 varianta1-proteinase inhibitorswere able

to form the expected SDS-stable covalent 1:1 complexes with
b-trypsin, as shown by the appearance of a band on SDSyPAGE
with lower mobility than the serpin at the position expected for
complex (data not shown). Such experiments were carried out
both with labeled and unlabeled serpin and proteinase and con-
firmed that the limited covalent modification had not reduced the
effectiveness of either proteinase or serpin to form complex.
Differential Fluorescence Resonance Energy Transfer in the

Two Types of Complex. Stoichiometric covalent and noncovalent
complexes between tetramethylrhodamine-labeled proteinase
and the fluorescein-labeled serpin a1-proteinase inhibitor Pitts-
burghwere formed in situ and the properties of their fluorescence
emission spectra examined. Compared with the emission spec-
trum of an equivalent complex formed between labeled a1-
proteinase inhibitor Pittsburgh andunlabeled anhydrotrypsin, the
intensity of the fluorescein emission spectrum of the noncovalent

FIG. 2. Ability of inactivated (anhydro-) trypsin to form tight
complex with a1-proteinase inhibitor Pittsburgh but not with wild-type
a1-proteinase inhibitor. Titration of a1-proteinase inhibitor Pittsburgh
(E) into a solution of anhydrotrypsin (4.5 mM) in the presence of
p-aminobenzamidine (100 mM) resulted in stoichiometric displace-
ment of the noncovalently bound fluorescent probe, indicating tight
1:1 noncovalent complex formation. The solid straight lines are for
visual aid only. Similar titration of wild-type a1-proteinase inhibitor
(h) under the same conditions led to negligible complex formation and
consequently little change in probe fluorescence.
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complex of fluorescein-labeled serpin with tetramethylrhodam-
ine-labeled anhydrotrypsin at a molar ratio of 1:1 was reduced by
'61% (77% when normalized) and with a corresponding in-
crease in intensity of the acceptor fluorophore (tetramethylrho-
damine; Fig. 3A). In contrast, the intensity of the donor fluores-

cence of the 1:1 covalent complex between comparably labeled
trypsin and serpin was reduced by only '16% (20% when
normalized; Fig. 3B).
To demonstrate both that the observed reduction in fluores-

cence intensity was a consequence of fluorescence resonance
energy transfer upon complex formation and to more accurately
determine the efficiency of energy transfer upon complete sat-
uration of the serpin with proteinase, two separate experiments
were carried out. For the noncovalent complex, a compete
titration of labeled anhydrotrypsin into labeled serpin was per-
formed. This showed that the effect was saturable and could be
well fitted to a simple binding equation (Fig. 4A). The fit provided
both a KD for the interaction ('5 nM) as well as the reduction in
fluorescence intensity in the doubly labeled 1:1 complex. This
tight KD is in agreement with the almost linear displacement of
p-aminobenzamidine by anhydrotrypsin seen at higher protein

FIG. 3. Differential efficiencies of fluorescence resonance energy
transfer between fluorescein and tetramethylrhodamine in covalent and
noncovalent serpin–proteinase complexes. (A) Effect of formation of
non-covalent complex between fluorescein–a1-proteinase inhibitor Pitts-
burgh and tetramethylrhodamine–anhydrotrypsin. Solid line, fluoresce-
in–a1-proteinase inhibitor Pittsburgh (82 nM) plus 250 nM unlabeled
anhydrotrypsin; dashed line, tetramethylrhodamine–anhydrotrypsin; and
dotted line, mixture of fluorescein–a1-proteinase inhibitor Pittsburgh (82
nM) and saturating levels (250 nM) of tetramethylrhodamine–anhydro-
trypsin, showing reduction in fluorescein emission at 517 nm and increase
in tetramethylrhodamine fluorescence at 575 nm. (B) Effect of formation
of covalent complex between fluorescein–a1-proteinase inhibitor Pitts-
burgh and tetramethylrhodamine–trypsin. Solid line, fluorescein–a1-
proteinase inhibitor Pittsburgh (82 nM) plus one equivalent unlabeled
trypsin; dashed line, 82 nM tetramethylrhodamine–trypsin; and dotted
line, 1:1 mixture of fluorescein–a1-proteinase inhibitor Pittsburgh and
tetramethylrhodamine–trypsin, showing smaller reduction in fluorescein
emission and smaller increase in tetramethylrhodamine emission at 575
nm in the complex.

FIG. 4. Quantitiation of the efficiency of fluorescence resonance
energy transfer in covalent and noncovalent a1-proteinase inhibitor
Pittsburgh–trypsin complexes. (A) Decrease in fluorescein emission of
fluorescein–a1-proteinase inhibitor Pittsburgh (80 nM) as a function
of added tetramethylrhodamine–anhydrotrypsin. The solid line rep-
resents the nonlinear least-squares fit of the data to a simple binding
equation and gives KD of '5 nM. (B) Time course of decay in
fluorescein emission intensity of fluorescein–a1-proteinase inhibitor
Pittsburgh after mixing with two equivalents of tetramethylrhodamine-
trypsin in the presence of 10 mM benzamidine to slow the reaction.
The solid line is a fit of the data to a bimolecular reaction and gave a
second-order rate constant, when corrected for the competitive in-
hibitor benzamidine, of 1.5 3 107 M21zsec21.
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concentrations (Fig. 2). The reduction in intensity was 69%,
which corresponded to an efficiency of transfer of 77%, when
normalized to one acceptor label per anhydrotrypsin and when
corrected for the decrease in intensity (10%) due solely to
complex formation, as determined from a separate titration of
labeled serpin with unlabeled anhydroproteinase. For the cova-
lent complex, a complication arose in demonstrating that the
efficiency of fluorescence resonance energy transfer was satura-
ble, since an excess of free trypsin is known to degrade the
covalent serpin–proteinase complex. We also found here that
such degradation affected the fluorescence spectra. Instead, we
examined the time dependence of the change in fluorescein
emission intensity upon reacting two equivalents of labeled
trypsin with one equivalent of labeled serpin (Fig. 4B). The curve
could be well fitted to a bimolecular reaction with second-order
rate constant of 1.5 3 107 M21zsec21, when corrected for the
benzamidine competitive inhibitor (21). This is very fast compared
with the second-order rate constant reported for trypsin and
wild-type a1-proteinase inhibitor (1.3 3 105 M21zsec21; ref. 26),
but in line with the large increases in rate of inhibition of
arginine-specific proteinases seen for the Pittsburgh variant when
compared with wild-type a1-proteinase inhibitor (25, 27). This
time course thus appeared to report the formation of the covalent
serpin–proteinase complex and gave a reduction in fluorescence
intensity of'13% at completion of the reaction, corresponding to
complete complexation of the serpin. This corresponded to an
efficiency of resonance energy transfer of 18% when normalized
to one acceptor label per trypsin and when corrected for the small
increase (2%) in intensity due solely to complex formation, as
determined from a separate titration between labeled serpin and
unlabeled trypsin.
Large-Scale Movement of the Proteinase upon Formation of

the Covalent Serpin–Proteinase Complex. The separations be-
tween the tetramethylrhodamine on the trypsin and the fluores-
cein on the serpin calculated from the experimental fluorescence
parameters (Table 1) were very different for the two types of
complex. For the noncovalent complex between anhydrotrypsin
and a1-proteinase inhibitor, an interfluorophore separation of 35
Å was calculated. For the covalent complex, the equivalent
separation was calculated to be 56 Å, showing unequivocally that
the proteinase in the covalent complex was in a very different
position relative to Cys-232 than in the noncovalent complex.
Since the noncovalent complex between anhydrotrypsin and the
serpin is expected to be very similar in structure to the noncovalent
Michaelis complex formed between trypsin and the serpin, these
results imply that in progressing from the initialMichaelis complex
to the kinetically trapped covalent complex, trypsin must undergo
a large-scale movement of at least 21 Å. It should be realized,
however, that themovement could be verymuch greater than this,
since the two separations determined of 35Åand 56Å (R1 andR2)
represent the radii of spheres centered on fluorescein covalently
bound to Cys-232 (Fig. 5). An upper limit for the change in
separation would be R1 1 R2, which is equal to 91 Å.
Although some parameters in these distance measurements

are not fully determined, with corresponding uncertainties in the
absolute values of R1 and R2, the conclusions that R1 and R2 are
very different and that the proteinase must therefore undergo

large-scalemovement upon formation of the covalent complex are
not in doubt. Thus, the use of 2y3 for the orientation factor (k2)
may be in error if the two fluorophores are not undergoing
isotropic rotation. However, we have previous labeled Cys-232
with a nitroxide spin label and obtained anEPR spectrum that was
characterized by isotropic rotation of the nitroxide (P.G.W.G.,
unpublished work), suggesting a nonconstraining environment. In
addition, both the donor and acceptor fluorophores are probably
in similar environments in the two complexes, so that if the correct
value of k2 were different from 2y3, the same altered value would
be appropriate for both distance calculations.

Table 1. Fluorescence parameters for tetramethylrhodamine–
proteinaseyf luorescein–a1-proteinase inhibitor Pittsburgh complexes

Parameters Values

J, M21znm3 3.06 3 10213

FD, fluorescein 0.144
R0 (

2
3
) 43.4 Å

E1, noncovalent complex 77%
E2, covalent complex 18%
R1, noncovalent complex 35 Å
R2, covalent complex 56 Å

FIG. 5. Models of noncovalent and covalent serpin–proteinase
complexes. The serpin (solid ribbon) is shown in the center in an
orientation such that the reactive center loop in the unreacted
molecule is at the top of the molecule and b-sheet A is seen edge-on,
running from top to bottom. The F helix is on the surface of b-sheet
A at the bottom right side (distal end of b-sheet from the reactive
center). The serpin shown is antithrombin in its crystal structure
conformation that has an appropriate exposed and extended reactive
center loop for initial noncovalent docking with proteinase. However,
the structural homology between serpins is such that the location
indicated for the Cys-232 residue is equivalent to that in a1-proteinase
inhibitor. The proteinase (three-stranded ribbon) is shown in three
different locations corresponding to three distinct types of complex.
Two circles are drawn, centered on the position of Cys-232 in
a1-proteinase inhibitor Pittsburgh, with radii of 35 Å and 56 Å,
corresponding to the interfluorophore separations measured for the
noncovalent and covalent serpin–proteinase complexes, respectively.
Structure A (proteinase at top) represents the noncovalent complex of
the anhydroproteinase or of the active proteinase in the initial
Michaelis-like complex. Structure B (proteinase in the middle) rep-
resents a covalent partially loop-inserted (up to P9) covalent complex.
Note the abutment of the proteinase against the F a-helix. Structure
C (proteinase at the bottom), represents a covalent complex in which
the reactive center loop has completely inserted into b-sheet A and has
resulted in translocation of the proteinase from the proximal (top) end
of the serpin to the distal (bottom) end.
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Another uncertainty concerns the homogeneity of the tetra-
methylrhodaminelabeling.Althoughonly'0.8labelsperanhydro-
trypsin were incorporated, we do not know whether this repre-
sents nearly complete labeling of a single site or less complete
labeling ofmultiple sites. In favor of uniform labeling is that, even
with excess reagent present, the degree of labeling atmuch longer
reaction times tended to a plateau of about one label per trypsin
(data not shown). Thus there may be one site that is uniquely
reactive, either as a result of steric constraints on the bulky
tetremethylrhodamine group or of an unusually low pKa for one
amino group. Importantly, the labeling of both trypsin and
anhydrotrypsin was carried out under identical reaction condi-
tions. Therefore, even if more than one site carried partial
acceptor label, the label distribution is likely to be very similar in
both types of proteinase. Since the most important finding in this
study is that there is a large change in interfluorophore separa-
tion, even partial multiple labeling that is the same in both types
of complex should not lead to a change in this conclusion.
Correlation of Interfluorophore Separations with Possible

Structures of Serpin–Proteinase Complex. Because only the
location of the donor fluorophore is known with certainty and
because only a single attachment site was available in the serpin,
it is not possible to use the present distance measurements to
unambiguously determine the location and orientation of the
proteinase in each of the two types of complexes. However, since
there are x-ray structures available for several serpin structures,
both in native and in cleaved loop-inserted forms, as well as for
trypsin, it is very useful to consider the possible structures of the
complexes based on modeling the interaction of these structures,
both as a test of the fluorescence resonance energy transfer
method in this system and to attempt discrimination between
different models for the covalent complex.
The separation measured for the complex between anhydro-

trypsin and a1-proteinase inhibitor Pittsburgh first serves as a test
of the method. Since this is a relatively tightly binding but
noncovalent complex that derives much of its binding energy
from the P1 arginine residue (from comparison of the Kd values
of the wild-type and variant complexes), a reasonable model for
the complex can be obtained by appropriate docking of the S and
S9 subsites on the anhydroproteinase with residues in the reactive
center of the serpin. The extended ribbon reactive loop confor-
mation seen in one monomer of the antithrombin heterodimer
(23) was used andwas docked in similar orientation to that for the
‘‘canonical’’ loop conformation seen in trypsin–bovine pancreatic
trypsin inhibitor (BPTI) complexes (28). The resulting structure
(Fig. 5, structure A) places the proteinase in a position such that
a sphere of radius 35 Å, centered on Cys-232 of the serpin (at the
end of the F2 helix), includes about two-thirds of the volume of
the proteinase. There are several lysines on the surface of this
sphere that, if labeled with tetramethylrhodamine, would give the
observed interfluorophore separation of 35 Å. We can therefore
conclude that the fluorescence energy transfermethod applied to
this system gives an interfluorophore separation for the nonco-
valent complex that is consistent with the type of structure for
such a complex. In contrast, a sphere of radius 56 Å, centered at
the same point, does not intersect the proteinase at all in this
structure (Fig. 5), thus requiring a major movement of the
proteinase to give a structure consistent with the longer inter-
fluorophore separation measured for the covalent complex.
Structures for the covalent complex that are consistent with the

longer interfluorophore separation and that maintain contact
between the active site serine of the proteinase and the P1 residue
of the proteinase, as required for the covalent complex, require
a major movement of the proteinase both radially and circularly
fromCys-232. Two representative structures weremodeled. Both
used clockwise rotation of the trypsin about a vertical axis
centered on Cys-232 of the serpin and radial displacement
consistent with the likely position of the P1 residue as the reactive
center loop inserted into b-sheet A and the requirement that the
P1 residue be covalently bound to the proteinase active site. In

addition, only clockwise rotation over the right-hand surface of
the serpin was considered, since this is the only feasible route for
insertion of the reactive center loop into b-sheet A and also
results in contacts between the proteinase and the serpin thatmay
be the source of disturbance of the catalytic triad (29) and
consequently of the kinetic trapping of the serpin–proteinase
complex. The structure involving the largest movement (Fig. 5,
structure C) represents full insertion of the reactive center loop
into b-sheet A and was modeled using the location of the P1
residue in the cleaved structure of a1-proteinase inhibitor (22). A
structure (Fig. 5, structure B) intermediate between this extreme
structure and the starting structure was also considered. This
represents the structure expected if only partial insertion of the
reactive center loop into b-sheet A occurs, up to residue P9. The
end point was determined by the point at which the proteinase
impinges on the F a-helix. This helix covers the distal surface of
theA sheet (bottom in Fig. 5) andmight therefore impede further
loop insertion, while the proteinase is still covalently attached to
the P1 residue. Both of these structures placed lysine side chains
at or close to the longer separation of 56Å and are thus consistent
with the measured interfluorophore separation for the covalent
complex.
Conclusions. The results presented here show that the method

of fluorescence resonance energy transfer can be successfully
applied to mapping serpin–proteinase complexes and most im-
portantly show for the first time that the location of the proteinase
in a covalent complex is very different from that in the nonco-
valent complex. This is consistent with much evidence that
supports amechanism of kinetic trapping of the complex in which
the reactive center loop, with the proteinase covalently attached,
inserts into b-sheet A and drags the proteinase with it.
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