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ABSTRACT: Serpins regulate serine proteases by forming metastable covalent complexes with their targets.
The protease docks with the serpin and cleaves the serpin’s reactive center loop (RCL) forming an
acylenzyme intermediate. Cleavage triggers insertion of the RCL intoâ sheet A, translocating the attached
protease∼70 Å and disrupting the protease active site, trapping the acylenzyme intermediate. Using single-
pair Förster resonance energy transfer (spFRET), we have measured the conformational distributions of
trypsin andR1-proteinase inhibitor (R1PI) covalent complexes. Bovine trypsin (BTryp) complexes display
a single set of conformations consistent with the full translocation of BTryp (EfullI*). However, the range
of spFRET efficiencies is large, suggesting that the region around the trypsin label is mobile. Most
complexes betweenR1PI variants and the more stable rat trypsin (RTryp) also show a single set of
conformations, but the conformational distribution is narrower, indicating less disruption of RTryp.
Surprisingly, RTryp complexes containingR1PI labeled at Cys232 with a cationic fluorophore display
two equally populated conformations,EfullI* and a conformation in which RTryp is only partially
translocated (EpartI*). Destabilizing the RTryp active site, by substituting Ala for Ile16, increases the
EfullI* population. Thus, interactions between anionic RTryp and cationic dyes likely exert a restraining
force onR1PI, increasing the energy needed to translocate trypsin, and this force can be counteracted by
active site destabilization. These results highlight the role of protease stability in determining the
conformational distributions of protease-serpin covalent complexes and show that full translocation is
not required for the formation of metastable complexes.

Inhibitory members of the serpin superfamily are involved
in a variety of intricately regulated physiological processes,
including inflammation and blood coagulation (1, 2). Unlike
canonical protease inhibitors that simply block the protease
active site, serpins form a stable, covalent adduct with their
target proteases. The first steps in covalent complex forma-
tion are the same as substrate hydrolysis: (A) docking of
the protease E with the serpin I to form an encounter complex
E‚I and (B) cleavage of the serpin’s reactive center loop
RCL1 and formation of the acylenzyme intermediate E-I,
containing a covalent bond between the cleaved RCL and
the catalytic Ser195 (Figure 1, scheme 1). Like substrate
acylenzymes, E-I can hydrolyze, releasing the protease and
the cleaved serpin (I*) in which the RCL has inserted intoâ
sheet A. Alternatively, the RCL can insert intoâ sheet A
while the acylenzyme is still intact, translocating the attached

protease as much as 70 Å across the serpin and disabling
the active site (Figure 1). The resulting covalent complex
E-I* circulates for hoursin ViVo before being internalized,
but it is stable for daysin Vitro (2, 3). The covalent linkage
between the protease and serpin eventually hydrolyzes,
releasing active protease and I*. Although maximal disrup-
tion of the protease structure is thought to occur during the
final steps in translocation (4), how translocation and
inactivation are coupled is not understood. Both the force
from pulling on the catalytic Ser and contact between the
protease and serpin are likely to distort the protease structure.

The conformation and conformational distributions of
E-I* complexes are still a matter of some dispute despite
the determination of the X-ray crystal structures for two
covalent complexes containing the serpinR1-proteinase
inhibitor (R1PI, also known asR1-antitrypsin) (5, 6). In both
the bovine trypsin (BTryp)-R1PI and porcine pancreatic
elastase (PPE)-R1PI complexes, the protease is fully trans-
located, and the catalytic Ser195 is pulled>3 Å out of the
active site (5, 6). This perturbation is sufficient to disable
the catalytic triad and stabilize the acylenzyme intermediate.
However, although the structure of PPE is largely intact (6),
37% of the BTryp tertiary structure is missing, presumably
because of structural mobility (5). In addition, the orientation
of the two proteases relative toR1PI is quite different such
that residues that align within 2 Å for the free protease
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structures can be>10 Å apart when the covalent complex
structures are aligned. NMR studies of the BTryp-R1PI
complex also show a single fully translocated conformation
(7), but multiple conformations, including a partially trans-
located structure, are observed in time-resolved ensemble
Förster resonance energy transfer (FRET) studies of rat
anionic trypsin-R1PI (RTryp-R1PI) (8). Kinetic experiments
also fail to reach a consensus. Although some protease-
serpin complexes display only a single reactivation rate
constant (9), other complexes have multiple reactivation rate
constants suggesting that at least two conformations are
present (9, 10). Many explanations have been put forth to
explain these contradictions, including differences in con-
formational distributions between specific protease-serpin
pairs, fluorescence artifacts, and proteolytic degradation of
the complexes.

We report here on the use of single-pair Fo¨rster resonance
energy transfer (spFRET) to probe the conformational
heterogeneity ofR1PI covalent complexes with BTryp and
RTryp. The conformational distributions of BTryp-R1PI
complexes are generally wider than those observed for RTryp
complexes, indicating greater disruption of the BTryp
structure. In addition, we have trapped a partially translocated
conformation for RTryp but not BTryp covalent complexes.
The increased stability of the RTryp active site as well as
interactions between anionic RTryp and cationic dyes ac-
counts for the failure to observe this conformation in BTryp
complexes.

EXPERIMENTAL PROCEDURES

Trypsin Preparation.Chymotrypsinogen amino acid num-
bering is used for all trypsin variants. The K113C RTryp
variant has previously been characterized;R1PI inhibits
K113C RTryp at a 1:1 stoichiometry, and the observed rate
constant for inhibition is comparable to that for wild-yype
RTryp (8). The K113C/I16A rat anionic trypsinogen II
variant was generated using Quikchange (Stratagene). Rat
anionic trypsinogen II variants were expressed inSaccha-
romyces cereVisiaestrain DLM101R, purified, and activated
as previously described (11, 12). The bTrygen/pQE60
plasmid containing the coding sequence for bovine cationic
trypsinogen was the generous gift of Peter Gettins (University
of Illinois). The S113C mutation was introduced using
Quikchange. Bovine trypsinogen was expressed as inclusion
bodies inEscherichia colistrain SG13009, refolded, purified,
and activated as previously described (13).

R1PI Preparation.The pEAT8-137 plasmids containing
the coding sequence for wildtypeR1PI and the Cys232Ser
(C232S)R1PI variant were the generous gift of Charles L.
Cooney (MIT). The pEAT8 sequence contains two natural
sequence variations, a His to Arg mutation at residue 101
and a Glu to Asp mutation at 376, which do not affect
function (14). The following single Cys mutations were
introduced into the C232S background S47C, K155C,
D159C, Q305C, and S313C. AllR1PI variants were ex-
pressed as inclusion bodies inE. coli BL21(DE3) cells,
refolded, and purified using a variation of previously
published methods (15-17). Inclusion bodies were solubi-
lized at 4°C overnight in 8 M urea, 50 mM Tris-HCl, pH
8.0, 1 mM EDTA, and 1 mM DTT. The unfolded protein
was subsequently diluted 10-fold into 10 mM Tris-HCl, pH
8.0, 10 mM NaCl, and 0.1 mM DTT and dialyzed overnight.
The refolded protein was then applied to a HiTrap Q Fastflow
Sepharose ion exchange column (GE Healthcare) and eluted
at 200 mM NaCl in the Tris-HCl (pH 8.0) buffer. Fractions
containingR1PI were identified by SDS-PAGE, pooled, and
dialyzed overnight into 10 mM Bis-Tris, pH 6.3, 10 mM
NaCl, and 0.1 mM DTT. The protein was applied to a Source
15Q PE ion exchange column (GE Healthcare) and eluted
at 60 mM NaCl in the Bis-Tris (pH 6.3) buffer.

Stoichiometry of Inhibition (SI).Trypsin variants were
titrated withp-nitrophenyl-p′-guanidinobenzoate HCl (Sigma
Chemical) to determine the concentration of active enzyme
(18). Greater than 90% of the trypsin was active both before
and after dye labeling. The SI, the ratio of moles of serpin
needed to inactivate one mole of active trypsin, was
determined by titrating trypsin withR1PI as previously
described (19). SIs were 1 for labeled and unlabeled trypsin
andR1PI.

Protein Labeling.Trypsin variants were labeled at residue
113 with Alexa Fluor 555 maleimide (Invitrogen), Atto 610
maleimide (Atto-Tec), or Alexa Fluor 488 maleimide (In-
vitrogen) according to the manufacturer’s instructions. Free
dye was separated from trypsin using a soybean trypsin
inhibitor column (Sigma Chemical). Wild-typeR1PI and
single Cys variants were labeled with Cy5 maleimide (GE
Healthcare), Atto 610 maleimide or Texas Red maleimide
(Invitrogen) according to the manufacturer’s instructions. A
PD-10 gel filtration column (GE Healthcare) was used to

FIGURE 1: Protease inactivation by serpins. The protease, E, and
serpin, I, dock to form the encounter complex, E‚I, shown on the
left ((30), pdb:1oph). The RCL is then cleaved, resulting in the
acylenzyme intermediate, E-I, which partitions between a substrate-
like pathway yieldingE andI*, and the inhibitory pathway where
the RCL also inserts intoâ sheet A and the attached protease is
translocated, formingEfullI* , shown on the right ((5), pdb:1ezx).
The protease, BTryp, is green with the catalytic triad in red. The
Ile16-Asp194 salt bridge is purple, and the location of the donor
fluorophore is in green spacefill. The serpin,R1PI, is shown in blue
with the RCL in yellow,â sheet A in red, Cys 232 in crimson
spacefill, and single Cys mutations in orange. Protein figures were
made using PYMOL (Delano Scientific). The generally accepted
scheme for protease-serpin covalent complex formation is shown
at the bottom.
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separateR1PI from the free dye. The labeling efficiencies
were 0.1 to 0.3 for trypsin and 0.5 to 0.8 forR1PI.

Ro, the distance between donor and acceptor at which there
is 50% energy transfer, was calculated as 59 Å for both Alexa
Fluor 555-Cy5 and Alexa Fluor 555-Atto 610 and as 48
Å for Alexa Fluor 488-Texas Red using (20)

where the relative orientation of the dipoles was assumed to
be randomized, resulting in an orientation factor,κ2, of 2/3.
The refractive index,n, was assumed to be 1.33.QD is the
quantum yield of the donor, andJ(λ) is the overlap integral
of the donor emission spectrum with the acceptor absorption
spectrum. Quantum yields of 0.4 and 0.7 were used for Alexa
Fluor 488 and Alexa Fluor 555, respectively. Overlap
integrals were calculated using the donor emission and
acceptor absorption spectra of singly labeled complexes.

spFRET Data Collection and Analysis.Donor-labeled
trypsin variants (0.5 to 2µM) were mixed at a ratio of 1:2
with acceptor-labeledR1PI in 50 mM HEPES, pH 7.4, and
100 mM NaCl. After 15 min, the samples were diluted to
50-100 pM in the presence of 10 mM of benzamidine to
prevent proteolysis by free trypsin. The fluorescence of single
complexes was collected using a one photon single molecule
confocal setup with a 100µm pinhole based on an IX-70
inverted microscope (Olympus) (21) (Figure S1, Supporting
Information). The excitation wavelengths, from an air-cooled
argon-krypton laser (Melles-Griot) were 520 and 488 nm
for covalent complexes labeled with Alexa Fluor 555 and
Alexa Fluor 488, respectively. After being split by color,
fluorescence was detected by two single photon counting
avalanche photodiodes (APDs, Perkin-Elmer, SPCM-AQR-
14) and collected at 24 MHz using a two-channel data
acquisition card and associated software (ISS). A detailed
description of the optical setup is provided in Supporting
Information.

Data from the donor and acceptor channels were binned
at 1 kHz and a threshold of 40 total, acceptor plus donor,
photon counts was used to identify photon bursts arising from
complexes diffusing through the focal volume. The photon
counts were corrected for background fluorescence and for
leakage of donor fluorescence into the acceptor channel. The
spFRET efficiency,E, was calculated using (21)

whereI is the corrected photon count, andD andA denote
the donor and acceptor channels, respectively. Theγ factor
corrects for differences in the probability of detecting a
photon from the donor or acceptor because of differences in
the quantum yield,φ, or the detection efficiency of the APDs
in different regions of the spectrum,η. For singly labeled
samples with identical optical densities at the excitation
wavelength, 520 nm,γ is the ratio of the fluorescence
intensity of the acceptor-only samples to that of the donor-
only samples measured on the single molecule fluorescence
setup (22). γ factors were measured using labeled trypsin

and labeledR1PI as well as singly labeled trypsin-R1PI
covalent complexes. In general,γ ) 1, with the exception
of RTryp-R1PI complexes labeled with Atto 610 at position
232. For these complexes,γ ) 2. The change inγ arises
from an increase in Atto 610 fluorescence intensity. Although
the value ofγ alters the location of the peaks in the spFRET
histograms, the number of peaks remains constant.

SpFRET histograms were generated in Matlab (Math-
works) using efficiencies calculated according to eq 2.
Histograms were analyzed using Matlab and Origin (Orig-
inlab). The spFRET histogram peak areas, half-widths, and
maxima were determined using Gaussian fits to the data.

Fluorescence Anisotropy.Steady state, ensemble fluores-
cence polarization experiments were conducted on a Fluo-
rolog fluorometer (ISA). Single molecule polarization ex-
periments were conducted by replacing the dichroic filter
used to separate donor and acceptor fluorescence with a
polarizing beam splitter (Newport). Samples were excited
at 520 nm for Alexa Fluor 555 and 568 nm for Atto 610
(Supporting Information).

RESULTS

Characterization of Dye Labeled Proteins and Experi-
mental Design.Trypsins were labeled with the donor dye at
a single Cys engineered at position 113 (Ser in BTryp and
Lys in RTryp), andR1PI was labeled with the acceptor dye
on either the native Cys232 or at single Cys mutations
introduced into the C232S background (Figure 1). In the
X-ray crystal structure of the BTryp-R1PI covalent complex,
more than 30% of the trypsin structure, including the loop
containing residue 113, is disordered (5). Therefore, distances
between the trypsin andR1PI labels were estimated by
aligning free BTryp (23) with the BTryp-R1PI covalent
complex structure using Swiss-Pdb Viewer (24). The selected
donor-acceptor pairs Alexa Fluor 555-Atto 610 and Alexa
Fluor 555-Cy5 haveRo values equal to 59 Å, resulting in
significant FRET efficiencies over the entire anticipated range
of distances, 30-90 Å.

The labeled proteins were active with a stoichiometry of
inhibition of ∼1 for all protein samples. Covalent complexes
were formed by mixing trypsin andR1PI at a ratio of 1:2
for 15 min, and their presence was confirmed by SDS-
PAGE (data not shown). Although the high concentrations
and prolonged incubation times for X-ray crystallography
and NMR spectroscopy may permit degradation of the
complexes by reactivated trypsin, autoproteolysis is avoided
in the spFRET experiments by the low concentrations of
complexes (50-100 pM), comparatively rapid data acquisi-
tion, and by the presence of the trypsin inhibitor benzamidine
(10 mM). The spFRET of diffusing covalent complexes was
measured using a confocal fluorescence microscope to limit
the observation volume (Figure S1, Supporting Information).
Under these conditions, the average number of complexes
in the observation volume is less than one. When a complex
diffuses through the observation volume, a burst of donor
and/or acceptor fluorescence is observed (Figure 2A). The
spFRET efficiencies are calculated for each burst, using eq
2, as described in Experimental Procedures, and these
efficiencies are displayed in histograms (Figure 2).

BoVine Trypsin-R1PI CoValent Complexes HaVe a Wide
Conformational Distribution.The spFRET histograms for

Ro ) 9.78× 103(κ2n-4QDJ(λ))1/6 (1)

E )
IA

(ID + γIA)
(2)

γ )
φAηA

φDηD
(3)
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all BTryp covalent complexes display two peaks (Figures 2
and 3, Table 1). The first peak, centered at 0% energy
transfer, results from complexes containing only the donor
dye as well as complexes in which the acceptor dye has
photobleached. Because the actual background at any time
can be more or less than the average background, the
corrected fluorescence intensity may be negative leading to
the negative spFRET efficiencies seen in the tail of this zero
peak. The second peak reports on the conformations of
diffusing covalent complexes. The center of the second peak
varies with Atto 610 and Cy5 as well as with the location of
the R1PI label. In all cases, the efficiencies are consistent
with the full translocation of trypsin relative toR1PI, as
observed in the crystal structure (hereafter termedEfullI*)
(Table 1) (5, 6). All of the EfullI* peaks have half-widths
greater than 10% (Table 1), indicating variations in the
distance between donor and acceptor dyes. This variation is
further increased whenR1PI is labeled at position 47, which
is located in a mobile loop (Figure 1). The consistent,
unexpectedly large widths of theEfullI* peaks suggest that
the tertiary structure of BTryp is mobile in the vicinity of
113, in agreement with the BTryp crystal structure.

Rat Trypsin-R1PI CoValent Complexes HaVe a Narrow
Conformational Distribution.The spFRET histograms for
most covalent complexes between RTryp andR1PI show two
peaks similar to those observed for BTryp complexes (Figure
2, Table 1). However, the peak centers are shifted to
significantly higher efficiencies when the acceptor is located
at positions 155 and 159 and to lower efficiencies when the

acceptor is at position 305. The sequences of BTryp and
RTryp are 73% identical, and all of the Trp residues and
disulfide bonds, which are known to quench fluorophores,
are conserved. In addition, modeling RTryp (25) into the
BTryp-R1PI covalent complex structure (5) does not change
the estimated distances between the dyes. Thus, these effects
will not explain the differences between the BTryp and
RTryp complexes.

As with the BTryp complexes, the spFRET efficiencies
for the RTryp covalent complexes are consistent with full
translocation. However, the differences in mean spFRET
efficiency suggest that the orientation of trypsin relative to
R1PI is not the same in the RTryp and BTryp complexes.
Perhaps the RTryp complex resembles that for PPE (6). In
addition, the spFRET peaks for RTryp are consistently
narrower than those for the corresponding BTryp complexes
(Figure 2, Table 1), suggesting that RTryp is less structurally
disrupted.

CoValent Complex Dissociation.Greater structural disrup-
tion of BTryp in covalent complexes could result in more
stable complexes. Therefore, changes in the spFRET histo-
grams were used to monitor covalent complex dissociation.
For BTryp complexes, the area of theEfullI* peak decreased
exponentially with time yielding an apparent dissociation rate
constant of (6.1( 0.3)× 10-6 s-1, in good agreement with
the literature values (9). The dissociation rate constant for
RTryp complexes is (7.8( 0.4) × 10-6 s-1, similar to that
for BTryp. Thus, as observed for BTryp-R1PI complexes
and the more intact PPE-R1PI complexes (6), differences

FIGURE 2: SpFRET experimental results for trypsin-R1PI covalent complexes in 50 mM HEPES, pH 7.4, 100 mM NaCl, and 10 mM
benzamidine. Trypsin is labeled with Alexa Fluor 555 (donor) at position 113, andR1PI is labeled with the acceptor dye at the position
denoted in parentheses. (A) Sample data, binned at 1 kHz, for labeled RTryp-R1PI covalent complexes, where the arrows indicate signals
from single complexes diffusing through the excitation volume. (B-D) Histograms for BTryp complexes. (E-G) Histograms for RTryp
complexes. (B and E) Atto 610-R1PI(47); (C and F) Atto 610-R1PI(159); (D and G) Cy5-R1PI(232).

FIGURE 3: SpFRET histograms of RTryp complexes showing a partially translocated conformation. (A) Alexa Fluor 555-BTryp and Atto
610-R1PI(232). (B) Alexa Fluor 555-RTryp and Atto 610-R1PI(232). The inset shows the spFRET histogram for Alexa Fluor 555-
RTryp containing the S195A mutation, which can only form the encounter complex, E‚I, and Atto 610-R1PI. (C) Alexa Fluor 488-RTryp
and Texas Red-R1PI(232). (D) Alexa Fluor 555-RTryp containing the destabilizing I16A mutation and Atto 610-R1PI(232).
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in protease structural disruption have no significant effect
on complex dissociation.

ObserVation of a New Conformation.Surprisingly, sp-
FRET histograms display three peaks when Alexa Fluor 555
labeled RTryp forms a covalent complex withR1PI labeled
with Atto 610 at position 232 (Figure 3B): the 0% peak, a
14% peak consistent withEfullI*, and a third peak at 58%
efficiency, which corresponds to a conformation in which
the donor and acceptor dyes are closer together than is
possible in EfullI*. The 14% and 58% peaks have ap-
proximately equal areas, indicating that both conformations
are equally populated. To further confirm the presence of a
new conformation, RTryp andR1PI were labeled with Alexa
Fluor 488 (donor) and Texas Red (acceptor), respectively.
The value ofRo is 48 Å for this dye pair, which would result
in negligible energy transfer when RTryp is fully translo-
cated. Nonetheless, the spFRET histogram displays two
peaks, the first at 0% and the second centered at 31% (Figure
3C), confirming the presence of a new conformation (EpartI*).

Because of incomplete averaging over dye orientations as
well as possible quenching by amino acids such as Trp, the
distances determined from spFRET data are only approxima-
tions. For theEpartI* peak, the approximate distance between
the dyes is 55 Å for both dye pairs, indicating that RTryp is
only partially translocated. In addition, the apparent dis-
sociation rate constant ofEpartI* is (1.3(0.2) × 10-4 s-1, 2
orders of magnitude larger than that for theEfullI* peak,
which is also consistent with only partial translocation of
RTryp. The appearance ofEpartI* is also in qualitative

agreement with the time-resolved ensemble FRET experi-
ments on RTryp-R1PI complexes using fluorescein-labeled
RTryp and tetramethylrhodamine-labeledR1PI (232) (8).
However, no additional peak is observed whenR1PI is
labeled with Cy5 at position 232, when the dyes are reversed
(Atto 610-labeled RTryp and Alexa Fluor 555-labeledR1-
PI(232)), or whenR1PI is labeled at other positions as noted
above. These observations suggest that the second conforma-
tion results from specific dye interactions with RTryp.

Reassessing Ro for RTryp Complexes with Cationic Dyes.
Interestingly, Atto 610, Texas Red, and tetramethylrhodamine
are all positively charged, which may facilitate interactions
with the anionic rat trypsin, whereas Cy5 and Alexa Fluor
555, which do not populateEpartI*, both contain a negative
charge. Therefore, the additional peak might arise from
interactions between the dye and protease, which would be
different for cationic BTryp and anionic RTryp. Such
interactions could alterRo, leading to an apparent change in
spFRET efficiency. To alterRo, RTryp-dye interactions
would have to change the overlap between the donor
emission and acceptor absorption spectra,J(λ), the distribu-
tion of donor quantum yields,QD, and/or relative orientations
of the donor and acceptor,κ2 (see eq 1). We performed
several experiments to address these possibilities.

We measured the emission spectra of complexes contain-
ing only donor-labeled RTryp or only acceptor-labeledR1-
PI. Although a 4 nm redshift is observed in the Atto 610
(acceptor) absorption spectrum, the peak also broadens, and
no significant changes are observed inJ(λ) or Ro. We also
measured the relative quantum yields for all singly labeled
covalent complexes. There are no significant differences in
measured Alexa Fluor 555 (donor) intensities. The quantum
yield of Atto 610 almost doubles in the covalent complexes,
but this increase does not affectRo. To correct for the change
in quantum yield, aγ value of 2 is used to calculate the
spFRET efficiencies (eqs 2 and 3). Using aγ of 1 shifts the
peaks to higher efficiencies but does not alter the number of
peaks in the spFRET histograms.

As is usual when calculatingRo, the relative orientations
of the donor and acceptor dipoles were assumed to be
randomized, resulting in aκ2 value of 2/3 (eq 1). However,
although the orientations will be randomized over an
ensemble of complexes, single complexes diffuse through
the focused laser spot too quickly for randomization to occur,
and the assumption thatκ2 ) 2/3 may not be valid (26).
This orientation problem is, however, not unique to particular
RTryp complexes and, therefore, seems unlikely to account
for differences between dyes. Nevertheless, we measured the
ensemble steady state anisotropy of singly labeled BTryp
and RTryp complexes. Single molecule polarization experi-
ments were also performed for these proteins (Figure S2,
Supporting Information). No significant difference was found
between anisotropies for the free proteins and complexes,
nor were differences observed between BTryp and RTryp
complexes (Table 2). There were also no significant differ-
ences in the single molecule polarization histograms (Figure
S2, Supporting Information).

Looking for the Encounter Complex.The dyes are quite
large, and when attached to Cys232, can approach within
2-4 Å of the trypsin surface in the encounter complex, E‚I,
where the protease and serpin have docked, but no cleavage
has occurred (scheme 1, Figure 1). Thus, dye-RTryp

Table 1: SpFRET Peak Centers and Half-widths for the Non-zero
Peaksa

bovine trypsin rat trypsin

location of the
label inR1PI

peak center
(%)

peak half-
width (%)

peak center
(%)

peak half-
width (%)

47 55( 2 21( 2 50( 2 15( 2
155 65( 1 14( 1 76( 1 10( 1
159 52( 1 14( 1 66( 1 11( 1
305 77( 2 15( 3 68( 2 10( 1
313 78( 1 13( 2 74( 1 10( 1

232 27( 3 17( 2 14( 2
(EpartI* ):
58 ( 1

9 ( 2

10 ( 2

232 (Cy5) 22( 1 15( 2 20( 2 12( 2

232 (Texas
Red) trypsin

N.M. N.M. O.Z.
(EpartI* ):

O.Z.

(Alexa Fluor
488)

31 ( 1 16( 2

232 (Alexa
Fluor 555)
trypsin (Atto 610)

N.M. N.M. 21 ( 1 10( 1

232 N.M. N.M. 14( 2 9 ( 2
I16A trypsin (EpartI* ):

57 ( 1 11( 2
a Except as noted,R1PI is labeled with Atto 610, and trypsin is

labeled with Alexa Fluor 555.R1PI is labeled on single Cys residues
located at the listed positions. Cys232 is the native Cys; all otherR1PI
variants contain a Ser substitution at this position and Cys substitutions
at S47, K155, D159, Q305, or S313. Trypsins are labeled on a single
Cys engineered at position 113 (S113 in BTryp and K113 in RTryp).
Peak centers and half-widths were determined from Gaussian fits to
the data. The uncertainties are the standard deviations of the fits to at
least three independent datasets. N.M.) not measured, O.Z.) obscured
by the zero peak in the spFRET histograms.
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interactions in E‚I could give rise to the additional peak.
However, the dissociation constant for RTryp-R1PI encoun-
ter complexes is 1.4µM (8); therefore, such complexes
should not exist at the picomolar concentrations used in our
experiments. To confirm this expectation, we performed
spFRET experiments using RTryp containing a mutation of
the catalytic Ser to Ala (S195A), which can form E‚I but
cannot form the acylenzyme intermediate. The spFRET
histograms for these complexes show only the 0% peak as
expected (Figure 3B, inset). Thus, the extra peak in the
spFRET histograms does not arise from the encounter
complex.

On the basis of the above results, it is obvious that
differences in spectral overlap, donor quantum yields, and/
or orientations factors cannot account for the additional peak
seen in RTryp versus BTryp covalent complex spFRET
histograms, nor does the additional peak arise from the
encounter complex. Therefore, the additional peak must arise
from covalent complexes in which RTryp is only partially
translocated (EpartI*) because of interactions with cationic
dyes (Figure 4).

Protease Stability Controls the Conformational Distribu-
tion. The active site of RTryp is intrinsically more stable
than that of BTryp (27), which can account for the observa-
tion of EpartI* in RTryp but not in BTryp. This hypothesis
predicts that destabilizing RTryp will shift the distribution
betweenEpartI* andEfullI*. Therefore, we performed spFRET
experiments on an RTryp variant containing the Ile16 to Ala

mutation. This substitution destabilizes the active site of
RTryp by 2.9 kcal/mol (28). The spFRET histograms reveal
that the mutation reduces the population ofEpartI* to 33%
of the total with a concomitant increase inEfullI* to 67%
(Figure 3D), indicating that stability in and around the
protease active site can have a significant effect on the
conformational distribution.

DISCUSSION

Conformational Distributions and Protease Stability.
RTryp is more stable than BTryp as reflected by its retention
of activity at alkaline pH (27, 28) and its unfolding at higher
temperatures and guanidine hydrochloride concentrations
(data not shown). For theEfullI* conformation, the spFRET
histogram peak widths, which reflect the relative mobility
of the regions near the dyes, are 17-29% narrower for RTryp
than those for BTryp. These consistently narrower RTryp
peaks likely reflect RTryp’s greater stability and suggest that
interactions betweenR1PI and BTryp in theEfullI* conforma-
tion lead to greater local disruption in the vicinity of residue
113. Differences in the extent of disruption may also result
in slightly different positions of the two trypsins relative to
R1PI, as indicated by the differences in the centers of the
EfullI* peaks. These spFRET results suggest that protease
stability plays an important role in determining the extent
of protease structural disruption in protease-serpin covalent
complexes.

Translocation and InactiVation. To translocate proteases,
serpins must overcome the opposing force of viscous drag
(29). Raising the solution viscosity or increasing the size of
elastase, which also increases the drag, makesR1PI a worse
inhibitor (29). Attractive interactions between RTryp and
dyes attached toR1PI augment the opposing drag force,
further increasing the energy required for protease translo-
cation, trapping as many as 50% of the complexes in the
partially translocated conformation. The partitioning between
full and partial translocation could be a thermodynamic
effect, where the barriers to trapping and to full translocation
are approximately equal. Alternatively, the partitioning could
be a kinetic effect, where the dye slows the rate of
translocation, increasing the probability that a partially
translocated conformation will be trapped.

Models of protease-serpin covalent complex formation
suggest that most of the protease structural disruption occurs
during the final steps in translocation (4). However, the
lifetime of EpartI*, while not as long as that ofEfullI*, is 105-
106-fold longer than that of a substrate acylenzyme. Partial
translocation or changes in the protease-serpin interactions
due to dye-protease interactions must alter the geometry of
the active site, perhaps by pulling Ser195 away from the
other members of the catalytic triad. These results suggest
that significant alterations in the active site geometry could
occur early in translocation.

Reducing the energy required to deform the active site
increases the energy available to counteract the RTryp-dye
attraction. The stability of the salt bridge between the
N-terminal Ile16 and Asp194, which is adjacent to the
catalytic Ser195, is at least partly responsible for the activity
of RTryp at high pH, where BTryp loses activity (27). This
salt bridge is disrupted in both of the covalent complex
structures (5, 6), and disruption of the salt bridge should

Table 2: Ensemble Steady State Fluorescence Anisotropies,ra

sample r

Alexa Fluor 555 RTryp 0.26
Alexa Fluor 555 RTryp-R1PI 0.25
Atto 610R1PI 0.18
RTryp-Atto 610R1PI 0.18

a RTryp is labeled at position 113, andR1PI is labeled at position
232.

FIGURE 4: Possible locations of RTryp, shaded area, in theEpartI*
species superimposed on the X-ray crystal structure of BTrypEfullI*
(5). Trypsins are shown in green with the catalytic residues in red,
andR1PI is in blue and red with the RCL in yellow.
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modulate the conformations of protease-serpin complexes.
The Ile16Ala mutation weakens the salt bridge, decreasing
RTryp stability by 2.9 kcal/mol, as measured by inhibitor
binding (28), and reducing the force needed to disrupt the
active site. This disruption changes the partitioning between
EpartI* and EfullI*, either by changing barrier heights or by
increasing the speed of translocation due to a more compliant
linkage between RTryp andR1PI. We have not observed
EpartI* for BTryp complexes, presumably because of differ-
ences in dye-trypsin interactions as well as the lower
stability of the BTryp active site. Our ability to trapEpartI*
for RTryp as well as our ability to modulate its population
demonstrate the importance of protease stability in determin-
ing both the number of discrete conformations and the
conformational distributions of protease-serpin covalent
complexes.

Our single molecule fluorescence studies of protease-
serpin covalent complexes also reconcile apparently conflict-
ing observations regarding the structure of protease-serpin
complexes, the extent of protease disruption as well as the
number of discrete conformations accessible to protease-
serpin covalent complexes. These results suggest that the
balance between the energy stored in the serpin and the
stability of the protease, particularly its active site, are
important for the serpin inhibitory mechanism.
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