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Binding of the fibrinolytic proteinase plasmin (Pm) to strep-
tokinase (SK) in a tight stoichiometric complex transforms Pm
into apotent proteolytic activator of plasminogen. SKbinding to
the catalytic domain of Pm, with a dissociation constant of 12
pM, is assisted by SK Lys414 binding to a Pm kringle, which
accounts for a 11–20-fold affinity decrease when Pm lysine
binding sites are blocked by 6-aminohexanoic acid (6-AHA) or
benzamidine. The pathway of SK�Pm catalytic complex forma-
tion was characterized by stopped-flow kinetics of SK and the
Lys414 deletionmutant (SK�K414) binding to Pm labeled at the
active site with 5-fluorescein ([5F]FFR-Pm) and the reverse
reactions by competitive displacement of [5F]FFR-Pm with
active site-blocked Pm. The rate constants for the biexponential
fluorescence quenching caused by SK and SK�K414 binding to
[5F]FFR-Pm were saturable as a function of SK concentration,
reporting encounter complex affinities of 62–110 nM in the
absence of lysine analogs and 4900–6500 and 1430–2200 nM in
the presence of 6-AHA and benzamidine, respectively. The
encounter complex with SK�K414 was �10-fold weaker in the
absence of lysine analogs but indistinguishable from that of
native SK in the presence of 6-AHAand benzamidine. The stud-
ies delineate for the first time the sequence of molecular events
in the formation of the SK�Pm catalytic complex and its regula-
tion by kringle ligands. Analysis of the forward and reverse reac-
tions supports a bindingmechanism in which SK Lys414 binding
to a Pm kringle accompanies near-diffusion-limited encounter
complex formation followed by two slower, tightening confor-
mational changes.

The central event in the fibrinolytic system is dissolution of
fibrin clots by the serine proteinase, plasmin (Pm),2 formed by
activation of the zymogen, plasminogen (Pg). The thrombolytic

drug and streptococcal pathogenicity factor, streptokinase (SK)
activates Pg to Pm through a unique mechanism (1, 2). SK acts
by binding Pg and Pm in stoichiometric SK�Pg* and SK�Pm cat-
alytic complexes that bind Pg as a specific substrate and proteo-
lytically convert it into Pm by cleavage of Arg561-Val562 (1–8).
The active site of Pg is conformationally induced in the catalytic
SK�Pg* complex through the molecular sexuality mechanism,
without the typically required proteolytic cleavage (3, 5, 6,
9–11). [Lys]Pm binds SK with �830-fold tighter affinity than
unlabeled [Lys]Pg and with �3500-fold tighter affinity than
fluorescently labeled [Lys]Pg (12, 13). Fluorescently labeled
[Glu]Pg and [Lys]Pg analogs bind SK with �5-fold lower affin-
ity than the native proteins, whereas the affinity for [Lys]Pm is
unaffected by labeling. The magnitudes of the decreases in
affinity induced by 6-AHA are not affected by active-site
labeling.
Our equilibrium binding and steady-state kinetic studies

describe a unifiedmodel for SK-Pg activation in which the con-
formationally activated SK�Pg* complex initially binds Pg as a
specific substrate and cleaves it to Pm in a self-limiting, trigger-
ing mechanism (1, 2). Upon formation of slightly more than 1
SK eq of Pm, Pg is displaced from the SK�Pg* complex, and the
much tighter SK�Pm catalytic complex is formed which propa-
gates Pg activation through expression of a Pg binding exosite,
converting the remaining free Pg to Pm in a second catalytic
cycle (2).
Previous biophysical studies have shown that SK in solution

behaves as independently folded domains linked by flexible seg-
ments, resulting in a highlymobile structure (14).When bound
to micro-Pm (�Pm), the isolated catalytic domain of Pm, how-
ever, the three SK �-grasp domains rearrange into a well
defined crater-like structure surrounding the Pm active site
(15). This large change in SK structure is accompanied by
expression of the Pg substrate binding exosite (12).
The circulating form of the Pg zymogen, [Glu]Pg, consists of

a 77-residue NH2-terminal peptide, five kringle domains (K1–
K5), some of which contain lysine binding sites (LBS), and a
COOH-terminal serine proteinase catalytic domain (16, 17).
K1, K2, K4, and K5 exhibit varying degrees of affinity for lysine
analogs and small aromatic ionic ligands (18). K1, K4, and K5
mediate Pg and Pm binding to COOH-terminal lysine residues
on fibrin and to lysine and arginine residues of other proteins
(19–24). The LBS located in K5 is thought to be primarily
responsible for interactions with the NH2-terminal peptide in
[Glu]Pg, keeping the zymogen in a spiral, compact�-conforma-
tion (25–28). Removal of the NH2-terminal peptide by Pm
cleavage results in formation of [Lys]Pg, which assumes a par-
tially extended �-conformation that is more rapidly activated
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by tissue-type plasminogen activator and urokinase and by the
SK�Pg* and SK�Pm catalytic complexes (2, 29–32). The lysine
analog 6-aminohexanoic acid (6-AHA) binds with high affinity
to K1 (KD 11–13 �M) and to lower affinity sites on K4 (KD
20–60 �M) and K5 (KD 95–140 �M) based on studies of the
isolated kringle domains (17, 18, 33, 34). Benzamidine binds
isolated K5 with highest affinity (KD 290 �M), interacts weaker
with K1 (KD 12.5 mM) and K2 (KD 33 mM), and displays insig-
nificant affinity for K3 and K4 (18, 35, 36). Benzamidine also
induces a partially extended �-conformation of [Glu]Pg but,
unlike 6-AHA, does not induce the transition of [Lys]Pg to the
fully extended �-form (25, 27). The affinity of SK for native and
fluorescently labeled [Glu]Pg in the compact conformation is
relatively low and is unaffected by 6-AHA, whereas expression
of LBS in the �-conformation of [Lys]Pg and [Lys]Pm increases
affinity for SK, which is weakened �13–20-fold by 6-AHA in
interactionsmediated by the COOH-terminal Lys414 residue of
SK (1, 13, 37). Pm retains significant affinity for SK when LBS
interactions are blocked (KD 200–300 pM) through its interac-
tions with the catalytic domain of Pm. LBS interactions, thus,
play a critical role in formation and stabilization of the SK�Pm
catalytic complex.
The present study describes the first rapid-reaction kinetics

investigation of active site fluorescently labeled Pm binding to
SK, characterizes the binding and conformational intermedi-
ates on the pathway, and identifies LBS-dependent steps.
Stopped-flow fluorescence kinetics of SK binding to fluoresce-
in-labeled [Lys]Pm identified the forward reactions of complex
stabilization, whereas the reverse reactions were examined by
competitive displacement of fluorescently labeled Pm from SK
by unlabeled, active site-blocked Pm. Combined analysis of for-
ward and reverse reactions allowed the sequence of elementary
reaction steps of the mechanism to be delineated for the first
time. Our results support the hypothesis that LBS-dependent
near-diffusion-limited SK binding to form an SK�Pm encounter
complex is followed by two consecutive, favorable conforma-
tional changes. The much slower competitive displacement
presents as an apparent first-order process but is governed by
an off-rate that is a function of the forward and reverse rate
constants for the second and third steps. The conformational
changes are hypothesized to reflect in part, changes in SK from
its flexible conformation in solution to its ordered structure
when it binds to Pm and/or a conformational change affecting
the Pmcatalytic site in processes that involve specific LBS inter-
actions that are differentially affected by benzamidine and
6-AHA. Interaction of SK Lys414 with a Pm kringle contributes
primarily to stabilizing the SK�Pm encounter complex in the
first step of the pathway.

EXPERIMENTAL PROCEDURES

Protein Purification and Characterization—Human [Glu]Pg
carbohydrate form 2 ([Glu]Pg2) was purified from plasma by
published procedures (38, 39). Activation of 10 �M [Glu]Pg2 to
[Lys]Pm2 with 90 units/ml urokinase (Calbiochem) was per-
formed in 10 mM Mes, 10 mM Hepes, 0.15 M NaCl, 20 mM
6-AHA, and 1 mg/ml polyethylene glycol 8000 (PEG) at pH 7.4
and 25 °C. Pm was purified by affinity chromatography on soy-
bean trypsin inhibitor-agarose (12). Pm was dialyzed against 5

mMHepes, 0.3 M NaCl, 10 mM 6-AHA, and 1mg/ml PEG at pH
7.0 and 4 °C. The active site of Pm (10–15�M)was blockedwith
a 5-foldmolar excess of D-Phe-Phe-Arg-CH2Cl (FFR-CH2Cl) in
0.1 M Hepes, 0.3 M NaCl, 1 mM EDTA, 10 mM 6-AHA, 1 mg/ml
PEG, pH 7.0 buffer at 25 °C for 30–60 min, reducing the initial
rate of hydrolysis of D-Val-Leu-Lys-para-nitroanilide to�0.1%,
as described previously (12, 13). Excess inhibitor was removed
by dialysis against�250 volumes of 50mMHepes, 0.3 MNaCl, 1
mMEDTA, pH 7.0 at 4 °C.Native SK (Diapharma)was obtained
as outdated therapeutic material and purified as described (40).
The SK�K414 mutant was prepared as described previously
(37). All proteins were quick-frozen in 2-propanol/dry ice and
stored at �70 °C. Protein concentrations were determined by
absorbance at 280 nm using the following absorption coeffi-
cients ((mg/ml)�1cm�1) and molecular weights: Pm, 1.9 and
84,000 (39); SK and SK�K414, 0.95 and 47,000 (41, 42). The
active Pm concentration (90% of total protein) was determined
by active-site titration with fluoresceinmono-p-guanidinoben-
zoate (43).
Active-site Labeling of Pm—The active-site specific inhibitor,

N�-[(acetylthio)acetyl]-(D-Phe)-Phe-Arg-CH2Cl (ATA-FFR-
CH2Cl), prepared by published procedures (44–46), was incu-
bated at a 5-foldmolar excess with 10–15�M [Lys]Pm2 in 0.1 M
Hepes, 0.3 M NaCl, 1 mM EDTA, 10 mM 6-AHA, 1 mg/ml PEG,
pH 7.0, at 25 °C for 60 min until inhibition was complete
(�0.1% activity). Excess inhibitor was removed by dialysis
against 50 mM Hepes, 0.3 M NaCl, 1 mM EDTA, 1 mg/ml PEG,
pH 7.0 at 4 °C. Quantitation of inhibitor incorporation meas-
ured from the amplitude of the burst reaction of NH2OH-gen-
erated thiol with 5,5�-dithiobis(2-nitrobenzoic acid) (46) indi-
cated 0.8–1.4 mol thioester/mol of Pm active sites. The thiol
group on the incorporated inhibitor generated by treatment of
ATA-FFR-PmwithNH2OHwas labeledwith 5-(iodoacetamid-
o)fluorescein to yield [5F]FFR-Pm as described (12, 13). Excess
dye was removed by chromatography on Sephadex G25 super-
fine followed by extensive dialysis. [5F]FFR-Pm concentration
and probe incorporation (87%) were determined from the
probe and protein absorbance in 6 M guanidine as described
(44). Proteins were homogeneous by SDS gel electrophoresis.
Stopped-flow Kinetics of SK and SK�K414 Binding to

[5F]FFR-Pm—Time traces of SK and SK�K414 binding to
[5F]FFR-Pm were acquired with an Applied Photophysics
SX-18MV stopped-flow spectrofluorometer in single mixing
mode. Fluorescence was measured with excitation at 500 nm
and an emission cut-on filter (Melles-Griot)with 50% transmis-
sion at 515 nm. The reaction volume was 200 �l, path length
was 2 mm, and experiments were performed at 25 °C. SK or
SK�K414 (0.025–15 �M) and [5F]FFR-Pm (5–20 nM) were
reacted under pseudo-first order conditions (SK � 5-fold over
labeled Pm at the lowest concentration) in 50 mM Hepes,
0.125 M NaCl, 1 mM EDTA, 1 mg/ml PEG, 1 mg/ml bovine
serum albumin, 1 �M FFR-CH2Cl, pH 7.4, in the absence and
presence of 50 mM 6-AHA or in 50 mM Hepes, 0.075 M NaCl, 1
mMEDTA, 1mg/ml PEG, 1mg/ml bovine serumalbumin, 1�M
FFR-CH2Cl, pH 7.4, containing 50 mM benzamidine to main-
tain constant ionic strength. Time traces (1000 data points) of
near-complete (�95%) exponential fluorescence decreases
ranged from0.5 to 30 s, depending on the SK concentration and
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the presence of effector. Typically, 10 time traceswere averaged
for each SK concentration. Control reactions containing buffer
and SK only, and buffer and [5F]FFR-Pm only, were performed
to quantitate background and initial probe fluorescence,
respectively, and to permit transformation of raw data into the
fractional change in initial fluorescence ((Fobs � Fo)/Fo �
�F/Fo). Averaged time traces were analyzed using Equation 1,

�F/Fo � �Fo � FM	� A1e��kobs 1t	 � �1 � A1	e��kobs 2t		 � FM

(Eq. 1)

where Fo is the starting fluorescence, FM is the final fluores-
cence, A1 is the fractional amplitude of the first exponential,
(1 � A1) is the fractional amplitude of the second exponential,
and kobs 1 and kobs 2 are the observed first-order rate constants.
The observed pseudo-first order rate constants for each process
were analyzed as a function of the total SK concentration
([SK]o) using Equation 2,

kobs �
klim
SK�o

K1 app � 
SK�o
� koff (Eq. 2)

where klim is the maximal value for the rate constant, K1 app is the
apparent dissociation constant for the SK�Pmencounter complex,
and koff is the overall reverse rate constant for binding. In addition,
arrays of time traces at varying SK concentrations were analyzed
simultaneously using the numerical integration programsDynafit
(47) and KinTek Explorer (KinTek Corp.), combining numerical
solution of the differential equations generated from the mecha-
nismwith nonlinear least-squares analysis.
Competitive Dissociation of [5F]FFR-Pm from Its Complex

with SK or SK�K414 by FFR-Pm—Measurements were per-
formed with an SLM 8100 spectrofluorometer or a Photon
Technology International QuantaMaster 6000 fluorometer
using acrylic cuvettes coated with polyethylene glycol 20,000.
The excitation and emissionwavelengthswere 500 and 516 nm,
respectively, with 4/8 nm and 2/8 nm excitation/emission band
passes on the SLM and the Photon Technology International
instruments, respectively. [5F]FFR-Pm (10–22 nM) was incu-
bated with excess SK or SK�K414 (15–100 nM) at 25 °C in the
absence and presence of 50 mM 6-AHA or in buffer containing
0.075 M NaCl and 50 mM benzamidine until the fluorescence
was stable (�15 min). The reverse reaction was initiated by the
addition of 100–1000 nMFFR-Pm, such that any remaining free
SKwas saturatedwith FFR-Pm, and the dissociation of SK from
the SK�[5F]FFR-Pm complex by the remaining FFR-Pm was
apparently first order in SK�[5F]FFR-Pm complex concentra-
tion. The increase in fluorescence was monitored until it was
�90% complete, typically 4 h. Corrections weremade for back-
ground scattering by subtraction of blanks containing all reac-
tants except [5F]FFR-Pm. Corrections for instrument drift and
probe photobleaching were done using cuvettes containing
[5F]FFR-Pm and SK to form the complex, with the addition of
buffer instead of FFR-Pm. Results expressed as �F/Fo versus
time were fit by a single exponential to obtain estimates of koff.
Least-squares fitting was performedwith SCIENTIST Software
(MicroMath), and the progress curves were also analyzed by
numerical integration with Dynafit and Kintek Explorer. The

latter program allowed simultaneous analysis of the competi-
tive dissociation experiments and the array of forward reaction
time traces at varying SK concentrations. All reported esti-
mates of error represent � 2 S.D. Equation 3 shows the analyt-
ical expression for koff in a 3-step binding reaction (48), rear-
ranged as an expression of rate constants for the three steps,

koff �
k�1k�2k�3

k�1�k�2 � k3 � k�3	 � k�2�k�3 � k2k�3	 � k2k3

(Eq. 3)

Equilibrium Binding of [5F]FFR-Pm and FFR-Pm to SK and
SK�K414 in the Presence of Benzamidine—[5F]FFR-Pm was
titrated with SK or SK�K414 at 25 °C in the above-described
buffer containing 50 mM benzamidine. Fluorescence titrations
were performedwith the Photon Technology International flu-
orometer at excitation and emission wavelengths of 500 and
516 nm, respectively, with 2/8-nm excitation/emission band
passes. Fluorescence changes were measured after equilibra-
tion for 5–10 min. In the competitive binding experiments, SK
or SK�K414was titrated into amixture of labeled Pm and FFR-
Pm. Concentrations of FFR-Pm were 5 and 15 nM in the titra-
tions with SK and 10 nM in the titrations with SK�K414.Meas-
urements were corrected for background (	10%) by
subtraction of blanks lacking [5F]FFR-Pm. Simultaneous
nonlinear least-squares fitting with SCIENTIST software was
performed of the [5F]FFR-Pm titrationswith SKor SK�K414 in
the absence and presence of fixed FFR-Pm concentrations by
the cubic equation for tight competitive binding of a single
ligand (SK or SK�K414) to labeled ([5F]FFR-Pm) and non-la-
beled acceptor (FFR-Pm) (49–51). The cubic equation is an
exact solution for competitive binding of one ligand to two
acceptors, typically one fluorescently labeled that reports the
interaction and the non-labeled competitor, under conditions
where the assumption cannot be made that free and total
ligand concentrations are approximately equal (49–51).
This analysis gave the dissociation constant (KC) and stoichi-
ometric factor (m) for competitive binding of SK or
SK�K414 to FFR-Pm as well as the maximum fluorescence
intensity change (�Fmax/Fo), the dissociation constant (KD),
and the stoichiometric factor (n) for binding of SK or SK�K414
to [5F]FFR-Pm (49–51).

RESULTS

Stopped-flow Kinetics of SK and SK�K414 Binding to
[5F]FFR-Pm—Changes in fluorescein fluorescence after rapid
mixing of excess SK or SK�K414 with [5F]FFR-Pm were biex-
ponential in the absence of effectors but less distinctly so in the
presence of saturating (50mM) 6-AHA or benzamidine as illus-
trated by the respective logarithmic transformations of �F/Fo
(Figs. 1, A and B). However, single exponential analysis of the
time traces in the presence of 6-AHA and benzamidine con-
sistently gave poorer fits with non-random residuals; hence, all
time traces were analyzedwith the biexponential Equation 1. The
first-order rate constants kobs 1 and kobs 1 for the fast and slow flu-
orescence quenches increased hyperbolically with increasing SK
andSK�K414 concentration (Fig. 2). These results support amin-
imal mechanism in which relatively weak initial binding of SK
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occurs in the rapidmixing dead-time, with formation of a fluores-
cently silent SK�Pm encounter complex with a dissociation con-
stant K1. This step is followed on the seconds time scale by two
distinct, resolvable conformational rearrangements tightening the
SK�Pmcomplex to formSK�Pm*andSK�Pm** complexes, contrib-
uting to the fluorescence quenching, each with characteristic
amplitudes that were fitted parameters (Equation 4).

SK � Pm L|;
K1

SK � Pm L|;
k2

k�2

SK � Pm* L|;
k3

k�3

SK � Pm**

(Eq. 4)

Expression of the data as �F/Fo showed that the reactions
started at zero, indicating no change associated with encounter
complex formation. The hyperbolic dependence of kobs1 on SK
concentration demonstrated the effect of the encounter com-
plex (Fig. 2). K1 represents the ratio k�1/k1, with k1 and k�1 the
second- and first-order rate constants for association and dis-
sociation of the encounter complex, respectively, and k2, k�2,

k3, and k�3 the first-order forward and reverse rate constants
for the subsequent conformational rearrangements. K1, k2, and
k3 correspond to the parametersK1 app, klim 1 and klim 2 defined
by the nonlinear least-squares analysis of the kobs 1 and kobs 2
dependences on SK or SK�K414 concentration (Fig. 2).
The fitted parameters K1 app, klim 1, and klim 2 obtained from

nonlinear least squares analysis of the binding rate constants as
a function of SK and SK�K414 concentration in the absence of

FIGURE 1. Representative stopped-flow fluorescence traces of SK binding
to [5F]FFR-Pm. A, fractional fluorescence changes (�F/Fo) (E) after rapid mix-
ing of [5F]FFR-Pm and SK versus time in the absence of lysine analog (1) and in
the presence of 50 mM 6-AHA (2) or 50 mM benzamidine (3). Final SK concen-
trations were 100, 100, and 50 nM, and [5F]FFR-Pm concentrations were 5, 20,
and 10 nM, respectively. B, semilogarithmic plot of the normalized fluores-
cence data (E). Solid lines represent the least-squares fits of double exponen-
tials. Stopped-flow time-traces were acquired and analyzed as described
under “Experimental Procedures.”

FIGURE 2. Dependence of the kinetics of [5F]FFR-Pm binding on SK and
SK�K414 concentration. A, dependences of kobs 1 (F, SK; E, SK�K414) and
kobs 2 (Œ, SK; ‚, SK�K414) for the first and second phases of 5–20 nM [5F]FFR-
Pm binding on the total SK or SK�K414 concentration ([SK]o) in the absence of
lysine analogs. B, dependences of kobs 1 (F, SK; E, SK�K414) and kobs 2 (Œ, SK;
‚, SK�K414) on the total SK or SK�K414 concentration in the presence of 50
mM 6-AHA. C, dependences of kobs 1 (F, SK; E, SK�K414) and kobs 2 (Œ, SK; ‚,
SK�K414) on the total SK concentration in the presence of 50 mM benzami-
dine. Solid lines represent the least-squares fits by Equation 2, with the param-
eters given in Table 1. Dashed lines represent the least-squares fits using
numerical integration of the reactions in Equation 4, with the parameters in
Table 1. Experiments were performed and analyzed as described under
“Experimental Procedures”.

Streptokinase-Plasmin Binding Pathway

26140 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 38 • SEPTEMBER 19, 2008



lysine analogs and in the presence of 6-AHA or benzamidine
are given in Table 1. In the absence of lysine analogs, the
encounter complex with SK was characterized by K1 app of
110� 20 nM, whereas the SK�K414mutant showed an�6-fold
weaker interaction of 670� 130 nM, suggesting a distinct role of
the COOH-terminal Lys414 residue in initial docking of SKwith
the Pmmolecule. The limiting rate constants klim 1 and klim 2 for
SKwere comparable with those for SK�K414 (Fig. 2A, Table 1),
indicating only limited involvement of Lys414 in complex stabi-
lization. The encounter complexes of Pm with SK and
SK�K414 in the presence of 50 mM 6-AHA displayed 59- and
12-fold weaker, identical affinities, respectively, with K1 app of
6.5 and 7.8 �M and identical rate constants for the conforma-
tional changes, suggesting the involvement of Pm kringle inter-
actions both in initial encounter complex formation and in sta-
bilization of the complex (Fig. 2B, Table 1). Interestingly, the
rates for the conformational changes were 3–4-fold faster than
in the absence of lysine analogs, reflected by higher values for
klim 1 and klim 2.

The encounter complexwith SK in the presence of 50mMben-
zamidine was �20-fold weaker than in the absence of kringle
ligands, with K1 app of 2.2 �M, and even faster limiting rates of 75
and 14 s�1 for the two conformational changes. K1 app for the
encounter complex with SK�K414was 4.5� 1.5�M, comparable
with that fornativeSK (Fig. 2C, Table1), andklim 1 andklim 2 values
of 46 � 6 s�1 and 7.8 � 1.6 s�1, respectively. The reverse rate
constants, given by the extrapolated intercept of kobs 1 or kobs 1 at
zero SK concentration, approximated zero and were too small to
be determined accurately from the SK dependences.
The total amplitudes of the time traces fit by Equation 1 and

by numerical analysis reflected the overall maximal fluores-
cence changes (�Fmax/Fo) for SK and SK�K414 binding to
[5F]FFR-Pm and were in good agreement with previous equi-
librium binding results in the absence and presence of 6-AHA
(13, 37) and with results for binding in the presence of benza-
midine described below (Table 1).

Competitive Displacement of [5F]FFR-Pm from Its Complex
with SK or SK�K414 by FFR-Pm—The addition of up to a
�100-fold excess of unlabeled FFR-Pm to the preformed
SK�[5F]FFR-Pm complex after fluorescence stabilization
caused an extremely slow, apparently single exponential
increase of fluorescence, approaching the initial fluorescence
intensity (Fig. 3A). This process represented a slow reversal of
SK or SK�K414 binding to [5F]FFR-Pm in the final complex
and parallel formation of non-fluorescent SK�FFR-Pm. The
overall off-rate constant (koff) of�0.0008 s�1 obtained by single
exponential analysis did not change throughout the investi-
gated FFR-Pm concentration range, consistent with saturation
of the slow process (Fig. 3D), and was similar for reversal of the
complex with SK and SK�K414 in the absence of effectors and
the presence of 6-AHA (Figs. 3, B andC, Table 1). Benzamidine
caused a �4-fold increase in koff both with SK and SK�K414
(Figs. 3, B and C, Table 1).
Nonlinear Least-squares Analysis of the Forward and Reverse

Reactions by Numerical Integration—Arrays of forward reac-
tion time traces of [5F]FFR-Pm binding at varying SK or
SK�K414 concentrations, and time traces of the reverse reac-
tions were analyzed simultaneously using Kintek Explorer and
separately by Dynafit for the mechanism in Equation 4. For
analysis of the reverse reactions, the equilibria were expanded
to include competitive binding of FFR-Pm and [5F]FFR-Pm to
SK. Concentrations of the various SK�[5F]FFR-Pm intermedi-
ates at the initiation of the reverse reactions were calculated
iteratively using (a) the starting concentrations of SK and
[5F]FFR-Pm used to form the complex, (b) the forward and
reverse rate constants for complex formation of SK with
[5F]FFR-Pm, and (c) the known dissociation constant for for-
mation of the competitive, unlabeled SK�FFR-Pm complex.
Formation and disappearance of each reaction species in the
mechanism were simulated using the Kinetics 1.0 numerical
integration program (ARSoftware).

TABLE 1
Kinetic and equilibrium binding parameters for SK�Pm and SK�K414�Pm formation
Kinetic constants determined from analysis of the forward and reverse reactions and by numerical integration are listed for Equation 4 in the absence of kringle ligands (No
effector), the presence of saturating 6-AHA, and saturating benzamidine. KD,overall, calculated from the kinetic parameters and measured by fluorescence titration, and
fluorescence change amplitudes (�Fmax/Fo), determined from the kinetic analysis for the indicated species, are listed. Experiments were performed and analyzed as
described under “Experimental Procedures.”

K1 (encounter) k2 k�2
a k3 k�3

a KD,overall koff �Fmax/Fo
nM s�1 s�1 s�1 s�1 pM s�1 %

No effector
SK 62 � 2a 10.0 � 0.1a 0.15 � 0.01 1.2 � 0.1a 0.009 � 0.001 7 � 1b 0.0008 � 0.0001a SK�Pm*, –48 � 2

110 � 20c 9.6 � 0.3c 0.9 � 0.2c 12 � 4d 0.0007 � 0.0001b SK�Pm**, –54 � 2
SK�K414 720 � 6a 12.1 � 0.1a 0.29 � 0.01 0.8 � 0.1a 0.003 � 0.001 59 � 3b 0.0007 � 0.0001a SK�Pm*, –42 � 2

670 � 130c 12.7 � 0.7c 1.4 � 0.3c 190 � 40d 0.0009 � 0.0001c SK�Pm**, –45 � 2
6-AHA
SK 4900 � 60a 34 � 1a 1.07 � 0.09 5.1 � 0.2a 0.005 � 0.001 140 � 20b 0.0008 � 0.0001a SK�Pm*, –50 � 2

6500 � 1400 b 34 � 1c 6.5 � 0.4c 210 � 20d 0.0007 � 0.0001b SK�Pm**, –59 � 2
SK�K414 5560 � 50a 39 � 1a 1.29 � 0.01 5.0 � 0.2a 0.004 � 0.001 140 � 20b 0.0008 � 0.0001a SK�Pm*, – 45 � 2

7800 � 1100c 43 � 3c 6.4 � 1.2c 350 � 80d 0.0008 � 0.0001c SK�Pm**, –51 � 2
Benzamidine
SK 1430 � 30a 64 � 2a 3.9 � 0.8 17 � 1a 0.015 � 0.002 77 � 20b 0.003 � 0.001a SK�Pm*, –26 � 2

2200 � 500c 75 � 5c 14 � 4c 280 � 160d 0.003 � 0.001c SK�Pm**, –31 � 2
SK�K414 2840 � 20a 39 � 1a 0.47 � 0.01 4.0 � 0.1a 0.020 � 0.001 170 � 50b 0.003 � 0.001a SK�Pm*, –28 � 2

4500 � 1500c 46 � 6c 7.8 � 1.6c 370 � 180d 0.003 � 0.001c SK�Pm**, – 31 � 2
a Determined by numerical integration.
b Calculated from the kinetic parameters.
c Determined from the forward and reverse reactions.
d Measured by fluorescence titration (12, 13, and 37) and this paper for benzamidine.
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The datawere fit by the 3-stepmechanism (Equation 4) using
the parameter values obtained for the SK and SK�K414 depen-
dences as initial estimates. A lower limit of 5  108 M�1s�1 was
required for the on-rate constant k1 value as an initial estimate
to obtain fitted parameters K1, k2, and k3 consistent with the
parameters obtained from the SK dependences and with the
overall dissociation constant KD,overall defined by Equation 5,

KD,overall �

SK�
Pm�


SK � Pm� � 
SK � Pm*� � 
SK � Pm**�

�
K1K2K3

1 � K2K3 � K3
(Eq. 5)

Values of k1 larger than 5  108 M�1s�1, extending into the
range of the diffusion-controlled collisional limit of 109–1010
M�1s�1 (52) fit the data equally well, suggesting that encounter
complex formation is near-diffusion-limited.
Fitting of the displacement data by numerical integration

required several iterative fits to narrow down the respective
concentrations of the SK�[5F]FFR-Pm* and SK�[5F]FFR-Pm**
complexes, the sum of which was equal to the concentration of
[5F]FFR-Pm in the displacement reaction (9–10 nM). K1, k2,
and k3 were constrained initially, to narrow down estimates for
k�2 and k�3. The parameters and respective concentrations of
complexes resulting in adequate fits for both forward and
reverse reactions required the following two criteria to be met;
KD,overall approaching the experimentally determined value in
equilibrium bindingmeasurements, and kinetics of appearance
of free [5F]FFR-Pm in the reverse reaction, consistent with
near-complete reversal and characterized by a rate constant
comparable with koff. The final results for all fitted parameters
are listed in Table 1, and the best fits for simultaneous analysis
of time traces at varying SK and SK�K414 concentrations are
shown in Figs. 4 and 5. The three-step mechanism gave fitted
parametersKI, k2, and k3 that were consistent with the values of
K1 app, klim 1, and klim 2 obtained from the SK and SK�K414
dependences of kobs 1 and kobs 1 using Equation 1 (Fig. 2) and
KD,overall values calculated by Equation 5, in good agreement
with those determined independently by equilibrium binding
under all experimental conditions. The KD,overall values
obtained from the numerical analysis were consistently
�2-fold tighter because a representative subset of the time
traces was used for this analysis. Simultaneous analysis of the
displacement traces gave good estimates for koff, calculated by
Equation 3, consistent with the apparent first-order rate con-
stants obtained from single exponential analysis of the displace-

FIGURE 3. Kinetics of competitive dissociation of SK and SK�K414 from
the [5F]FFR-Pm complex by FFR-Pm. Increases in fluorescence after the
addition of excess FFR-Pm to pre-equilibrated mixtures of [5F]FFR-Pm and
SK or SK�K414 due to dissociation of the of the SK�[5F]FFR-Pm complex.
A, time courses for dissociation of the SK�[5F]FFR-Pm complex in the
absence of effector (F). B, time courses in the presence of 50 mM

6-AHA (E) or 50 mM benzamidine (�). C, dissociation of the of the
SK�K414�[5F]FFR-Pm complex in the absence of effector (E), the presence of
50 mM 6-AHA (‚), or 50 mM benzamidine (�). Final concentrations of [5F]FFR-
Pm, SK or SK�K414, and FFR-Pm were 10, 100, and 910 nM, respectively. Solid
lines represent the least-squares fits by a single exponential, with the param-
eters given in Table 1, and dashed lines represent the fits using the parameters
obtained from nonlinear least-squares analysis of the mechanism in Equation
4 by numerical integration. D, the apparent off-rate as a function of increasing
FFR-Pm concentration ([FFR-Pm]o). The solid line represents simulation of a
hyperbola using a KD value of 12 pM and a limiting rate equal to the averaged
koff value of 0.042 min�1 for reactions in the absence (F) and presence (E) of
50 mM 6-AHA. Experiments were performed and analyzed as described under
“Experimental Procedures.”
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ment curves (Fig. 3, Table 1). The combined fluorescence
amplitudes of the SK�Pm* and SK�Pm** complexes obtained by
numerical analysis (Table 1) were in good agreement with the
overall maximum changes for SK and SK�K414 binding to
[5F]FFR-Pm, obtained from the time traces fit by Equation 1

and from equilibrium binding (13) and benzamidine results
presented here.
In the absence of effectors, KD,overall was 7 � 1 pM for SK

binding and 59 � 3 pM for SK�K414 binding. The �8-fold

FIGURE 4. Simultaneous fits of SK concentration and time dependences
based on numerical integration. Stopped-flow time-traces of the fractional
change in fluorescence (�F/Fo) for reactions of 10 nM [5F]FFR-Pm with 0.025,
0.030, 0.052, 0.075, 0.1, 0.2, 0.35, 0.65, 0.9, 2, 5, 7, 10, and 14 �M SK in the
absence of lysine analog (A). 0.1, 0.25, 0.4, 0.9, 2, 3, 5, 7, 10, and 15 �M SK in the
presence of 50 mM 6-AHA (B), and 0.5, 1, 5 and 10 �M SK in the presence of 50
mM benzamidine (C). Data were collected during 0.5–30 s, until the reac-
tions were �99% complete, and the fluorescence was stable. Data shown
represent 92–99% completion of the reactions. Solid lines represent the
least-squares fits to complete time traces using the mechanism in Equa-
tion 4, with the parameters listed in Table 1. Experiments were performed,
and data were analyzed as described under “Experimental Procedures”
and “Results.”

FIGURE 5. Simultaneous fits of SK�K414 concentration and time depen-
dences based on numerical integration. Stopped-flow time-traces of the
fractional change in fluorescence (�F/Fo) for reactions of 10 nM [5F]FFR-Pm
with 0.050, 0.1, 0.25, 0.5, 1, 2, 5, and 14 �M SK�K414 in the absence of lysine
analog (A), 0.1, 0.25, 0.5, 1, 2, 5, 7.5, 10, and 14 �M SK�K414 in the presence of
50 mM 6-AHA (B), and 1.25, 4, 6, 8, 10 and 14 �M SK�K414 in the presence of 50
mM benzamidine (C). Data were collected during 0.5–30 s until the reactions
were �99% complete, and the fluorescence was stable. Data shown repre-
sent 85–99% completion of the reactions. Solid lines represent the least-
squares fits to complete time traces using the mechanism in Equation 4, with
the parameters listed in Table 1. Experiments were performed and data were
analyzed as described under “Experimental Procedures” and “Results.”
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lower affinity of the SK�K414 mutant was largely caused by
weakening of the encounter complex, withK1 720� 6 nM, com-
pared with 62 � 2 nM for the complex with native SK. Native
and mutant SK had comparable forward and reverse rate con-
stants for the two conformational tightening steps (Table 1).
Although the displacement process was apparently single-ex-
ponential, it was adequately described by the three-step mecha-
nism using the analytical solution for expressing koff given by
Equation 3 and the kinetic constants determined by numerical
analysis (Table 1). The koff values determined from numerical
analysis and from single exponential analysis of the displacement
curves were in excellent agreement (Fig. 3, Table 1).
In the presence of 6-AHA, KD,overall for SK and SK�K414

binding was identical, 140 � 20 pM, and encounter complex K1
values for native and mutant SK were similar, 4900 � 60 and
5560� 50 nM, respectively. This�8-fold weaker initial binding
of themutant comparedwith its binding in the absence of effec-
tors suggested that lysine interactions other than Lys414 also
contribute to initial docking. KD,overall for SK and SK�K414
binding in the presence of benzamidine was 77 � 20 and 170�
50 pM, respectively. The encounter complexes with SK and
SK�K414 in the presence of benzamidine, with K1 values of
1430 � 30 and 2840 � 20 nM, respectively, were �3.4- and
2-fold tighter than in the presence of 6-AHA, suggesting differ-
ential contributions of Pm kringles in the SK docking process.
The forward rate constants k2 and k3 for the conformational
changes of SK and SK�K414 binding were �3–6-fold larger,
and the reverse rate constant k-2 was �4–7-fold larger in the
presence of 6-AHA, indicating release of conformational
restraints, and suggesting an LBS dependence of the transition
from the SK�Pm* complex to SK�Pm**. The changes in the for-
ward and reverse rate constants in the presence of benzamidine
were more complex (Table 1).
Equilibrium Binding of [5F]FFR-Pm and FFR-Pm to SK or

SK�K414 in the Presence of 50 mM Benzamidine—To charac-
terize the effect of benzamidine on the binding kinetics, it was
necessary to determine the affinity and fluorescence change for
SK and SK�K414 binding to [5F]FFR-Pm and FFR-Pm in the
presence of benzamidine. Analysis of [5F]FFR-Pm titrations
with SK in 50 mM benzamidine indicated that SK bound to
[5F]FFR-Pmwith a 1:1 stoichiometry, a dissociation constant of
280� 160 pM, andmaximum fluorescence change of�31� 2%
(Fig. 6A). The affinity was �23-fold weaker than in the absence
of kringle ligands and comparable with that in the presence of
saturating 6-AHA. SK�K414 bound to [5F]FFR-Pm with a dis-
sociation constant of 370 � 180 pM, 2-fold weaker than in the
absence of kringle ligands and indistinguishable from that in
the presence of 6-AHA. Competitive binding of SK to FFR-Pm
and [5F]FFR-Pm was used to determine the affinity of FFR-Pm
for SK or SK�K414 in the presence of benzamidine. Analysis of
[5F]FFR-Pm titrations with SK and SK�K414 at fixed FFR-Pm
concentrations demonstrated competitive binding with disso-
ciation constants of 130 � 80 and 250 � 160 pM for SK and
SK�K414 binding to FFR-Pm, respectively, about 1.5–2-fold
tighter than the corresponding values obtained for labeled Pm
(Fig. 6B).

DISCUSSION

Rapid-reaction kinetic studies of SK binding to [5F]FFR-Pm
revealed a multistep sequential binding and conformational
change pathway of stable complex formation that is modulated
by LBS interactions. A number of considerations are required
to interpret the kineticmechanism in the absence and presence
of kringle ligands in terms of particular molecular events. On
the basis of available evidence, the interdependent molecular
events postulated to be involved include (a) LBS interactions
mediated by SK Lys414 and a Pm kringle, (b) reorganization of
the mobile domain structure of SK in solution to its defined
structure when bound to the catalytic domain of Pm, (c) per-
turbation of the active site of Pm by SK binding that is signaled
by the active site-incorporated fluorescence probe, (d) a con-

FIGURE 6. Competitive equilibrium binding of SK and SK�K414 to
[5F]FFR-Pm and FFR-Pm in the presence of benzamidine. A, the fractional
change in fluorescence (�F/Fo) of 2.5 nM [5F]FFR-Pm in buffer containing 50
mM benzamidine plotted as a function of the total SK concentration ([SK]o) in
the absence (F) and presence of 5.15 (E) and 15 nM (f) FFR-Pm. B, the frac-
tional change in fluorescence (�F/Fo) of 5 nM [5F]FFR-Pm in buffer contain-
ing 50 mM benzamidine plotted as a function of the total SK�K414 con-
centration ([SK�K414]o) in the absence (F) and presence of 10 nM (E)
FFR-Pm. The solid lines represent least-squares fits of the cubic equation
for competitive binding, with the parameters listed under “Results” and
Table 1. Fluorescence titrations were performed and analyzed as
described under “Experimental Procedures.”
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formational change in Pm from a partially to fully extended
form induced by 6-AHA and not benzamidine, and (e) differ-
ences in the effects of benzamidine and 6-AHA arising from
their preferences for binding different kringle domains.
The combined analysis of the forward and reverse reactions

of SK binding to [5F]FFR-Pm supports a 3-step minimal reac-
tion mechanism both in the absence and presence of kringle
ligands (Equation 4). SK binds very tightly to native and fluo-
rescently labeled Pm with a dissociation constant of 11–14 pM
(12). High affinity is achieved in part by a �14-fold enhance-
ment due to binding of the COOH-terminal Lys414 residue of
SK to a Pm kringle (37). Lys414 is at the end of a 42-residue
sequence that is disordered and apparently mobile in the
SK��Pm crystal structure (15). The substantial remaining LBS-
independent affinity of SK for native and fluorescently labeled
Pm (KD 200–300 pM) ismediated by SKbinding to the activated
catalytic domain.
The SK-Pm binding pathway starts with near-diffusion-lim-

ited, rapid-equilibriumbinding of SK to [5F]FFR-Pm to form an
SK�Pm encounter complex (K1 62–110 nM) that is not accom-
panied by a fluorescence change. This is followed by two con-
secutive, favorable conformational changes on the seconds
time scale, the first of these, SK�Pm*, occurring in the fast phase
of the fluorescence change, and the second, SK�Pm**, reflected
in the slow phase. The fluorescence amplitude coupled to the
final conformational change is �10–12% larger than that
caused by SK�Pm* formation (Table 1). These favorable steps
increase the affinity of SK for Pm in succession, 67- and 133-
fold over that of the encounter complex, resulting in an overall
�9000-fold increase. In the absence of effectors, deletion of
Lys414 had the largest effect on the encounter complex, weak-
ening it 6–12-fold, while having relatively small effects on the
rate constants for the conformational changes. This result indi-
cated a major role of Lys414 in the absence of kringle ligands in
promoting encounter complex formation.
The first conformational change is thought to represent

binding of the three SK domains to the Pm catalytic domain
accompanied by perturbation of the fluorescence probe located
in the S3�S4 substrate binding subsites. That this reflects a
conformational change in Pm is supported by previous studies
demonstrating changes in tripeptide substrate specificity on SK
binding (12). It may also represent a fluorescence change due to
the proximity of the probe to SK, where in particular, the �-do-
main is closest to the catalytic site in the SK��Pm complex (15).
In this case, rearrangement of the SK domains accompanying
binding to the catalytic domain, guided by tethering of SK
through Lys414, may represent the first conformational change.
Whether arrangement of the SK domains or the Pm conforma-
tional change are complete during the initial conformation
change or are adjusted in the subsequent slower step character-
ized by the additional small fluorescence decrease is not known.
That such structural flexibility of SK affects its conformation
when bound to Pg andPm is evidenced by studies of the binding
of �-domain-truncated SK (53). The SK �-�-domain fragment
exhibits an increased contribution of binding energy to com-
plex stability from LBS interactions or free energy coupling
between LBS-dependent and –independent interactions with
labeled [Glu]Pg, [Lys]Pg, and [Lys]Pm compared with intact

SK, demonstrating the interdependence of the flexible domain
interactions in forming the stable conformation of SK in the
complexes (53). The conformational equilibriumconstantK3 of
0.0075 based on the best-fit kinetic constants indicates that the
SK�Pm** complex is the predominant species at saturating SK,
consistent with the apparent single exponential reverse reac-
tion kinetics. Whether SK�Pm* and SK�Pm** have equivalent
activity in Pg activation is unknown.
The effects of 6-AHA and benzamidine on the SK-Pm bind-

ing pathway were compared because these compounds have
different specificities for binding to Pg and Pm kringle domains
and different effects on Pg conformation. From studies of iso-
lated kringles, benzamidine binds with highest affinity to K5
(KD 290�M), less tightly toK1 (KD 12.5mM) andK2 (KD 33mM),
and not significantly to K3 or K4 (18, 35, 36). Analysis of the
effects of 50mM benzamidine on the conformations of [Glu]Pg,
[Lys]Pg, K1–K5, and K1–K3 demonstrate that binding of ben-
zamidine to K5 induces transformation of [Glu]Pg from the
compact �-conformation to a partially extended �-conforma-
tion and that [Lys]Pg and K1–K5 but not K1–K3 are in similar
�-conformations that are not affected by benzamidine (27).
6-AHA binds to isolated kringles, K1 (KD 11–13 �M), K4 (KD
20–60 �M), and K5 (KD 95–140 �M), with the major difference
from benzamidine being the specificity for K4 (17–19, 33, 34,
54). Unlike benzamidine, 50 mM 6-AHA converts [Glu]Pg,
[Lys]Pg, and K1–K5, but not K1–K3, to fully extended �-con-
formations (27). The equivalent effect of 6-AHA to induce the
�3� conformational change for [Lys]Pg and K1–K5, but not
K1–K3, has been concluded to be due to 6-AHA binding to K4
(27). On the basis of these studies indicating that the conforma-
tional change occurs in K1–K5, independent of the catalytic
domain, Pm containing the activated catalytic domain is
inferred to show a similar �3� conformational change at sat-
urating 6-AHA, although this has not been directly demon-
strated. Rapid-reaction kinetics of the 6-AHA-induced �3�
conformational change demonstrated cooperative binding of
6-AHA to K4 and K5 of [Glu]Pg in the compact to fully
extended conformational change and the absence of an effect of
high affinity binding of 6-AHA to K1 (55). The�3� conforma-
tional change was induced by �10 mM 6-AHA, supporting the
role for relatively weak LBS in this transition (27). Studies using
recombinant [Glu]Pg with selectively disabled K1, K4, or K5,
however, concluded primary roles for K1 and K4 and to a lesser
extent K5 in the �3� compact to fully extended conforma-
tional change (19, 54). The precise roles of individual kringles in
the conformational changes of [Glu]Pg, [Lys]Pg, and [Lys]Pm
are not completely understood.
SK binding to Pm in the presence of saturating 6-AHA was

characterized by 60–80-fold weaker encounter complex for-
mation compared with the absence of kringle ligands. The
binding reactions still displayed biexponential behavior, albeit
less explicit than in the absence of kringle ligands, with the first
conformational change accounting formost of the fluorescence
decrease. Remarkably, koff for reversal of the SK binding path-
way was the same as that in the absence of ligands. The two
conformational changes in the presence of 6-AHA were
responsible for a �35,000-fold increase in affinity compared
with the encounter complex. The calculated and measured
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overall dissociation constants were not significantly different
from those in the presence of benzamidine. Thus, the effects of
the two kringle ligands cannot be distinguished by SK equilib-
riumbinding affinity but show significant differences in the rate
steps and amplitude of the fluorescence change. The major dif-
ferences between the ligands is that 6-AHAbinds toK1, K4, and
K5, inducing the �3� change in Pm conformation to the fully
extended form, whereas benzamidine does not bind to K4 but
binds toK1,K2, andK5 anddoes not induce the conformational
change.
In the presence of 6-AHA, SK and SK�K414 showed indis-

tinguishable equilibrium and rate constants, demonstrating
disengagement of Lys414 due to 6-AHA binding to K1, K4, or
K5, resulting in an 8–12-fold weaker initial binding of
SK�K414 compared with binding in the absence of effectors. It
is apparent that when LBS interactions mediated by K4 are
disengaged, as suggested previously (27), and Pm is extended to
the �-conformation, the constraints imposed by LBS interac-
tions and the �-conformation of Pm are released. The identity
of koff in the absence of ligands and presence of 6-AHAdoes not
necessarily suggest that the final complex is similar in both
cases but that this rate constant is controlled by the forward and
reverse LBS-dependent processes governed by k2, k�2, and k3,
which may be equally affected by 6-AHA.
On the basis of available information, the effect of 50 mM

benzamidine on SK binding to Pm can be plausibly interpreted
in terms of the involvement of Lys414 of SK binding to K4, pos-
sibly influenced by K5. We cannot explicitly exclude roles for
K1 and K2, which at 50 mM benzamidine would be �80 and
�60% saturated, respectively, based on the published dissocia-
tion constants for isolated kringles (18, 35). The overall KD
increased 20–23-fold in the presence of benzamidine, and the
affinity of encounter complex formationwas reduced�20-fold.
Interestingly, compared with the results in the absence of
ligands, the forward and reverse rate constants for the first con-
formational change increased 6.4- and 26-fold, respectively,
and the overall off-rate constant increased 4-fold. Enhance-
ment of the overall off-rate by benzamidine, predominantly
controlled by k-2 and k-3, showed that the final stable complex
dissociated more rapidly in the presence of benzamidine, inde-
pendent of Lys414.
To characterize further the effect of Lys414 in the binding

pathway in the absence and presence of 6-AHA and benzami-
dine, it is useful to compare the effects of Lys414 deletion on the
conformational equilibrium constants, K2 and K3. In the
absence of effectors, K2 and K3 are less favorable by only
�2-fold for SK�K414 compared with SK. K2 and K3 are essen-
tially the same for SK and SK�K414 in the presence of 6-AHA.
By contrast, in the presence of benzamidine,K2 for SK�K414 is
�5-fold more favorable, and K3 is a compensating �5-fold
less favorable than for SK. The distinctive results for
SK�K414 in benzamidine compared with 6-AHA suggest
that Lys414 is not engaged in the presence of 6-AHA but is
engaged in binding K4 throughout the binding pathway in
the presence of benzamidine.
It is also interesting that the products of the equilibrium con-

stants for the two conformational changes (K2K3 � k�2k�3/
k2k3) are very similar for SK and SK�K414 in the absence of

effectors (11  10�5 and 9  10�5, respectively) and in the
presence of either 6-AHA (3  10�5 and 2.6  10�5) or benza-
midine (5.4  10�5 and 6.1  10�5). The overall conforma-
tional equilibrium constants are also not much different in the
absence and presence of effectors (2–4-fold). This may reflect
the relative independence of the tightening steps on the Pm
�3� conformational change or that the conformations are all
extended due to interaction of Lys414 with K4 in the absence of
effectors andpresence of benzamidine andwhenK4 is occupied
by 6-AHA.
There are other interpretations that cannot be excluded on the

basis of the present results. In particular, K5will be saturatedwith
either6-AHAorbenzamidineat theconcentrationsused,whereas
K4will be blocked by 6-AHAbut available in the presence of ben-
zamidine.Onthisbasis, it is possible that thedifferences in the rate
constants in benzamidine and 6-AHA are due to occupation of
K5 for both effectors in addition to Lys414 interactingwithK4 in
benzamidine, based on the proposal that these kringles bind
6-AHA cooperatively (55). Further studies will be required to
determine which kringle binds Lys414 and to resolve the differ-
ences observed in the effects of benzamidine and 6-AHA.
The effects of benzamidine and 6-AHA also differed in the

total amplitude of the fluorescence change for binding of SK
and SK�K414, which was �26–28% compared with �42–48%
in the absence of ligands. This cannot be due to binding of
benzamidine to the active site because it was blocked by the
peptide chloromethyl ketone.Thedifference inamplitudeappears
to be specific for benzamidine, as in the presence of 6-AHA, SK
binding caused a �45–50% fluorescence decrease, indistinguish-
able from that observed in the absence of ligands. The first confor-
mational change in the presence of benzamidine, which contrib-
utes themajority of the fluorescence change due to SK binding, is
thought to represent contact of SK with the catalytic domain,
domain rearrangement, and/or a conformational change affecting
thePmactive site.Thedifferent overall fluorescence change inPm
induced by SK binding in the presence of benzamidine suggests
that the structure of SK bound to the catalytic domain is different,
which could reflect retention of the partially extended conforma-
tion of Pm in the presence of benzamidine or blocking of K5 and
maintained engagement of K4.
In summary, the present study characterizes for the first time

a minimal 3-step kinetic model for the pathway of Pm binding
to SK and quantitates the differential effects of LBS interactions
and the conformational state of Pm on the individual steps in
the pathway. Although the interaction of Pmwith SK in 6-AHA
and benzamidine is indistinguishable when measured by equi-
librium binding, the stopped-flow results clearly indicate dis-
tinctly different, kinetically resolved behavior. The kinetics in
the absence of effectors demonstrate how the conformational
steps achieve �9000-fold tightening of binding, resulting in a
stabilized complex with extremely high affinity. Themodel also
shows that Lys414 plays an important role in establishing the
initial encounter complex between Pm and SK before the con-
formational tightening that is relatively independent of Lys414.
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