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(Background: Histidine 69 in the propeptide is a pH sensor that mediates compartment-specific furin activation.
Results: Histidine 69 protonation exposes the activation loop for proteolysis only within an optimal window for pH-dependent

Conclusion: A small structural change functions as the trigger that regulates precise spatiotemporal activation of furin.
Significance: Our work provides insights into how individual proprotein convertases encode their unique compartment-
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The proprotein convertase furin requires the pH gradient of
the secretory pathway to regulate its multistep, compartment-
specific autocatalytic activation. Although His-69 within the
furin prodomain serves as the pH sensor that detects transport
of the propeptide-enzyme complex to the trans-Golgi network,
where it promotes cleavage and release of the inhibitory propep-
tide, a mechanistic understanding of how His-69 protonation
mediates furin activation remains unclear. Here we employ bio-
physical, biochemical, and computational approaches to eluci-
date the mechanism underlying the pH-dependent activation of
furin. Structural analyses and binding experiments compar-
ing the wild-type furin propeptide with a nonprotonatable
His-69 — Leu mutant that blocks furin activation in vivo
revealed protonation of His-69 reduces both the thermody-
namic stability of the propeptide as well as its affinity for furin at
pH 6.0. Structural modeling combined with mathematical mod-
eling and molecular dynamic simulations suggested that His-69
does not directly contribute to the propeptide-enzyme interface
but, rather, triggers movement of a loop region in the propep-
tide that modulates access to the cleavage site and, thus, allows
for the tight pH regulation of furin activation. Our work estab-
lishes a mechanism by which His-69 functions as a pH sensor
that regulates compartment-specific furin activation and pro-
vides insights into how other convertases and proteases may
regulate their precise spatiotemporal activation.

The requirement for single or multiple endoproteolytic
cleavages of precursor proproteins as they transit the secretory
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pathway is an evolutionally conserved theme in the biochemis-
try of biologically active proteins and peptides (1). Proprotein
convertases (PCs)* are a family of calcium-dependent serine
proteases that process inactive proproteins in eukaryotes
(2, 3). PCs include nine endoproteases (furin, PC1/PC3, PC2,
PC4, PACE4, PC5/PC6, PC7/LPC/PC8, SKI/S1P, and NARC-
1/PCSK9) and constitute a subfamily within the subtilase
superfamily (2, 4). PCs are synthesized on the endoplasmic
reticulum (ER) and are translocated into the ER lumen where
they undergo folding and intramolecular excision of their
prodomains to form a propeptide-PC complex that is compe-
tent for export to late secretory compartments but is catalyti-
cally inactive because the propeptide masks the catalytic
domain from substrate binding (5). Upon reaching their correct
cellular destinations for processing substrates in traus, the pro-
peptide-PC complex undergoes activation, usually through
autoproteolytic cleavage of the bound propeptide (for a review,
see Refs. 2, 4). Although the synthesis of proteases as inactive
proenzymes enables cells to regulate their catalytic activity spa-
tially and temporally, the molecular and cellular determinants
that modulate activation of PCs remain poorly understood (4).

Furin, the most extensively studied PC, catalyzes proteolytic
maturation of a diverse repertoire of growth factors, receptors,
and enzyme precursors within multiple secretory pathway
compartments (2, 4, 5). Consistent with its essential role in
homeostasis, mice lacking furin die before embryonic day 11
because of cardiac defects (6, 7). Additionally, misregulation of
furin activation has been associated with cancer invasiveness
and metastasis and susceptibility to viral and parasitic infec-
tions (for a review, see Ref. 8). The furin precursor contains an
83-residue N-terminal propeptide (PRO™YF) that is essential
for folding the catalytic domain (MATFY®) in the ER (9, 10),
putatively by stabilizing the late stages of the folding transition
state (11). Because of the nature of its role in facilitating folding,
the furin propeptide is considered an intramolecular chaperone

“The abbreviations used are: PC, proprotein convertase; ER, endoplasmic
reticulum; TGN, trans-Golgi network; MD, molecular dynamics; RMSF, root
mean square fluctuation; PRO, propeptide.
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(12,13). When folded, the catalytic domain rapidly cleaves pro-
peptide at the consensus furin site RTKR107 (£, < 10 min (14)),
which permits export of the inactive PROFYR-MAT YR inhibi-
tion complex from the ER to late secretory pathway compart-
ments (10, 15-17). Upon reaching the mildly acidic trans-Golgi
network (TGN) (pH ~6.0), PRO""® undergoes a slow second
internal proteolytic cleavage at the noncanonical furin site
6oHRGVTKR. ¢ (1, < 100 min (14)), which disrupts the inhibi-
tion complex to allow MATFYR to exert its catalytic activity (14,
17). The necessity for exposure of PROFVR-MAT""® to the
acidic pH of the TGN, coupled with the importance of tight
regulation of protease activation, argues for the presence of a
sensor that recognizes when the complex reaches the correct
pH environment.

We reported that a conserved histidine residue (His-69) in
PROFYR acts as a pH sensor that regulates the compartment-
specific activation of pro-furin (18). Although a His-69-Leu
substitution in the furin propeptide (H69L-PRO*"®) permitted
correct folding, prodomain excision, and export of the propep-
tide-furin complex from the ER to the TGN/endosomal system,
the substitution blocked the pH-dependent second cleavage of
MATFYR at Arg-75, thereby preventing furin activation (18).
Moreover, we reported recently that PRO™® and the propep-
tide of PC1/3 (PRO"") are sufficient to regulate the pH-depen-
dent activation of their cognate catalytic domains, suggesting a
broad role for pH sensing in activation of PCs (19) and other
secreted proteases (20). Indeed, swapping propeptide domains
transfers sensitivity to pH-dependent activation of the protease
domain in a propeptide-dependent manner (19).

Although His-69 protonation is required for furin activation,
the precise mechanism by which this pH sensor mediates acti-
vation has remained unclear. Here, we use WT-PRO"® and
the deprotonated state mimic H69L-PRO*"® to explore struc-
ture, stability, and pH-dependent binding, coupled with math-
ematical modeling and molecular dynamics, to understand how
His-69 functions as a pH sensor. Taken together, our work
explains the structural and mechanistic basis by which His-69
regulates compartment-specific furin activation and provides
insight into how other PCs may regulate their own activation.

EXPERIMENTAL PROCEDURES

Protein Production and Purification—Sequences coding for
WT-PROY® and H69L-PRO™™® variants were cloned into
pET11la and expressed in BL21(DE3) Escherichia coli as
described (19). Inclusion bodies were isolated and solubilized
after cell lysis performed using a French press apparatus. Pro-
tein was purified using a size exclusion column and dialyzed
into 6 M guanidinium HCI for long-term storage. Mature furin
was overexpressed in BSC40 cells infected with recombinant
Vaccinia virus encoding human furin as described (18, 19).

CD Spectroscopy—CD spectroscopy was performed on an
AVIV model 215 CD spectrometer at 4 °C as described (19, 21,
22). Before taking CD measurements, purified protein was
refolded in a stepwise fashion by dialysis against refolding
buffer (50 mm Tris, 150 mm KCl, 1 mm CaCl, (pH 7.4) with
incrementally smaller amounts of urea, with a final dialysis step
into cacodylate buffer (50 mm cacodylic acid, 150 mm KCl, 1 mm
CaCl, (pH 7.4). An additional dialysis step was carried out to

JUNE 28,2013 +VOLUME 288-NUMBER 26

adjust the pH as necessary. Refolded protein was then subjected
to ultracentrifugation for 15 min to remove any particulate, and
CD spectra between 190-260 nm were taken to ensure com-
plete folding. For the protease domain, 0.1 mg/ml of mature
furin was dialyzed against the cacodylate buffer at pH 5.0-7.0
and used for analyzing pH stability.

Urea Denaturation—Thermodynamic stabilities of the wild-
type propeptide (WT-PRO"Y¥) and H69L-PRO""® were mea-
sured by perturbing the secondary structure using urea and
fitting the data to either two-state or three-state unfolding
models as described (21). WT-PROFYR or H69L-PROFVE (~3
mg/ml) were refolded as above into a buffer of the desired pH,
and urea was added in 0.01 M steps to a final concentration of 6
M urea using a titrator. Changes in absorbance at 222 nm were
monitored as a function of denaturant concentration.

Glycerol Stability—WT-PRO*™® or H69L-PRO'YR (~0.4
mg/ml) was refolded as above and then glycerol was added to a
final concentration ranging from 0-30%. CD spectra between
190-260 nm were taken to assess the effect of glycerol on the
stability of the isolated propeptide as described (21). Approxi-
mately 0.1 mg/ml of mature furin was dialyzed against 50 mm
cacodylic acid, 150 mm KCl, and 1 mm CaCl, (pH 7.0) contain-
ing 30% glycerol and used for analyzing the effect of glycerol on
the protease conformation.

Activity Assay—Activity assays were performed to determine
the inhibitory capabilities of the various propeptides as
described (18). 129 um of the fluorogenic furin substrate (Abz-
RVKRGLA-Tyr[3-NO,] was incubated with serially diluted
amounts of either WT-PROFY® or H69L-PROFYR (concentra-
tions ranging from 0.15-3000 nMm) in cacodylate buffer (50 mm
cacodylic acid, 150 mm KCI, 1 mm CaCl,). 0.5 ul of secreted
furin was added to initiate the reaction. To assess the pH
dependence of IC, the pH of the cacodylate buffer was varied
between pH 5.0 —7.4. For assays to measure the effect of glycerol
on stability, 30% was added or not added to cacodylate buffer at
pH 7.0. All activity assays were conducted in triplicate on a
SpectraMax-M2 spectrofluorometer equipped with a 96-well
plate reader, with the excitation wavelength set to 320 nm and
emission wavelength set to 425 nm (17). Data were fitted and
analyzed using GraphPad Prism to determine K, and ICg,
values.

Molecular Dynamics Simulations—A homology model of
WT-PROFVR derived from the solution structure of the paralo-
gous prohormone convertase 1 propeptide (1KN6) (23) was
used as a model of PROFVR, as described earlier (19). The model
for WT-PRO"YR was obtained by mutating residue histidine at
position 69 to a leucine using PyMOL (PyMOL molecular
graphics system, version 1.5.0.4, Schrodinger, LLC) and mini-
mized using the CHARMM?22 force field (24). All hydrogen and
non-protein atoms were removed, and hydrogens were added
back using the autoPSF module in NAMD version 2.5 (25).
Structures were solvated explicitly in water cubes in VMD (Vis-
ual Molecular Dynamics, v. 1.9.1) with a minimum distance of
12 A to the edge of the cube. All simulations were carried out
with periodic boundary conditions, particle mesh Ewald for
long-range electrostatics, and a 12-A cutoff for non-bonded
interactions within the CHARMM22 force field using NAMD.
Simulations were run with a step size of 1 fs with snapshots
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taken every 10 ps as described earlier (19). To first equilibrate
the system, the protein was constrained, and solvent was min-
imized for 1000 steps using a conjugate gradient algorithm. The
minimized system was then used for subsequent simulations.
To simulate the pH-dependent protonation reactions, we
approximated the pH environment by predetermining the pro-
tonation state of the histidines in the starting structure as
described earlier (19). For a pH environment of 7.0, we used the
HSD parameter, which represents the uncharged state, with a
proton bound to the nitrogen in the A position. For a pH of 6.0,
we used the HSP parameter to simulate the positively charged,
protonated histidine with protons bound to both nitrogen
atoms.

Mathematical Modeling—Modeling of the kinetics of the
furin activation step was done using CellWare version 2.0 (Sys-
tems Biology Group, Bioinformatics Institute, Singapore) (26).
CellWare is an integrated modeling and simulation tool for
biochemical pathways and cellular processes and has been used
to simulate the activation of pro-subtilisin, the bacterial proto-
type of pro-furin, as described earlier (22). The model used in
these simulations is represented in Fig. 4A4. Each intermediate is
represented as a discrete molecular species, and reaction path-
ways were defined as reversible or irreversible, with the rate
constants noted on the basis of experimental results either with
furin or its homolog, subtilisin (22). Additionally, the software
allows for variation of initial concentrations and simulation
duration. The models were simulated using the Gillespie sto-
chastic algorithm with 1000 experiments and 1 X 107 iterations
for a total duration of 1000 time units. The appearance and
disappearance of the various molecular species were moni-
tored, and data were analyzed in GraphPad Prism.

RESULTS

The Counstitutively Deprotonated Mimic of the pH Sensor,
H69L-PRO™ X, Is More Stable Than WT-PRO"™R—To under-
stand the mechanism by which His-69 functions as a pH sensor,
we undertook detailed structural analyses of WT-PRO""® and
the H69L-PRO*™® variant reported previously, which mimics
the nonprotonated state of the pH sensor, using CD and intrin-
sic fluorescence spectroscopy. Prior studies indicate that the
H69L-PROFY® chaperones efficient folding of the catalytic
domain of furin (MATF"®), as measured by autoprocessing of
H69L-PROFV* to form a stable H69L-PROFVR-MATF"® com-
plex (18). However, unlike the WT-PROF"R-MAT*"® com-
plex, HGOL-PROF*VR-MATFVR remains trapped in a stable state,
unable to become active at acidic pH. On the other hand, the
H69K-PRO"V® variant, which represents a constitutively pro-
tonated state of the pH sensor, fails to fold correctly and is
rapidly degraded inside the cell (18). Hence, it was not used in
our analyses.

The far UV CD spectrum of the isolated WT-PRO"®
revealed the existence of a significant secondary structure (Fig.
1A). Substituting the pH sensor, His-69, with Leu caused a
slight increase in the secondary structure, as seen by the shift in
the peak from 206 to 208 nm with a concomitant increase in
negative ellipticity at 222 nm in H69L-PRO""®. Because a-
helices absorb strongly at 222 nm and 208 nm (27), our results
suggest that substituting residues that mimic the deprotonated
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FIGURE 1.H69L-PROF"Ris more structured than WT-PROFYR. A, the second-
ary structure of WT-PRO® and H69L-PRO"UR determined via CD spectros-
copy at far UV, performed at pH 7. 0, and plotted as molar ellipticity (6) deg/
cm?/dmol. B, tertiary structure of wild-type or mutant propeptide determined
by measuring intrinsic tryptophan fluorescence after excitement with A =
295 nm. C, thermodynamic stability of the propeptides monitored by
changes in ellipticity (6) at A = 222 nm as a function of urea concentration.
Data were fit to a standard two-state equation using a Marquardt algorithm.
D, normalized activity, used to estimate IC;, values, determined by monitor-
ing cleavage of the fluorogenic peptide substrate Abz-RVKRGLA-Tyr[2-NO,]
with increasing amounts of WT-PROUR or H69L-PRO™® present. All data are
averaged over three independent experiments.

state of the pH sensor marginally increase the a-helicity within
the isolated H69L-PRO" ",

Likewise, we examined the tertiary structure of the protein
by exciting the protein using a wavelength of 295 nm where the
tryptophan emission spectrum is dominant over the weaker
tyrosine and phenylalanine fluorescence (28 -30). As seen in
Fig. 1B, WT-PRO""® displays a maximum peak at 342 nm.
Under identical conditions, the intrinsic tryptophan fluores-
cence is enhanced slightly with a blue shift in its emission spec-
trum (maximum at 339 nm) when His-69 is substituted by leu-
cine. This indicates that the tryptophan residues are less
exposed to solvent when His-69 is replaced by a Leu, suggesting
that the structure may be more packed.

To better understand the extent of stabilization, we next
measured the thermodynamic stability of WT-PRO"® and its
variant relative to their unfolded states. Thermodynamic stabil-
ity occurs when a system is in its lowest energy state when
compared with all other accessible states within the same reac-
tion environment. It can be measured by monitoring changes in
the secondary structure with progressive addition of chao-
tropes such as urea or guanidine hydrochloride (31). Fig. 1C
compares chaotrope-induced conformational changes in WT-
PRO""® or H69L-PRO*"® using circular dichroism spectros-
copy. The transitions were fitted using a standard Marquardt
algorithm with constraints for the base line set from using the
circular dichroism ellipticity of the folded and unfolded proteins
(21, 22). The data demonstrate that H69L-PRO*™® (AG,, =
1.424 + 0.12 kcal) is more stable than WT-PRO*Y® (AG,, =
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0.921 *= 0.09 kcal/mol). This indicates that the constitutively
deprotonated variant H69L-PRO""® is stabilized by ~0.5 kcal/
mol when compared with WT-PRO*"~,

Because propeptides are bona fide temporary inhibitors of
proteases (11), we next asked how an increase in thermody-
namic stability affects the inhibitory function of isolated WT-
PROFY® and H69L-PRO™® by comparing IC;, values as
described under “Experimental Procedures” (Fig. 1D). Analysis
of the data gives an estimated IC;, concentration for WT-
PRO"YR, at pH 6.5, of ~33 nM, 3-fold higher than that estimated
for H69L-PRO*™® (IC., ~11 nm). This establishes a link
between the increased thermodynamic stability of the H69L
substitution and its ability to act as an inhibitor of MAT® "%, as
indicated by the decrease in IC,,. Taken together, the circular
dichroism and fluorescence spectra, along with the analyses of
thermodynamic stabilities, suggest that the nonprotonated
mimic of the pH sensor subtly increases both secondary and
tertiary structure, and enhances the overall thermodynamic
stability and inhibitory function of H69L-PRO*VE,

The Cosolvent Glycerol Enhances the Structure of WT-
PRO"™® and H69L-PRO™™® and Their Apparent Affinity for
MAT™R—We next examined whether increasing the second-
ary structure and thermodynamic stability of isolated
WT-PRO"V® and H69L-PRO""® enhances their binding affin-
ity for MAT"YR, We had demonstrated previously that propep-
tides of aqualysin (PRO*<V) and subtilisin E (PRO®"®), which
are orthologs of furin, also exist in partially folded, molten,
globule-like states (19, 32). However, the progressive addition
of glycerol induced and stabilized the secondary and tertiary
structures within PRO*?" and PRO®“® and simultaneously
increased their binding affinities for their cognate catalytic
domains (22). Thus, we investigated whether glycerol could sta-
bilize the secondary structures of WT-PRO™® and H69L-
PROFYR, Our results demonstrate two noteworthy features that
are evident in Fig. 2, A and B. First is the presence of an isos-
bestic point at a wavelength of 208 nm in WT-PRO""® and
H69L-PROFVR, The presence of an isosbestic point (33) in the
circular dichroism spectra suggests that glycerol induces the
partially structured propeptide (34, 35) to fold into a more sta-
ble state, and, thus, there are two distinct states in which the
propeptide can exist, depending on its local environment (28).
The second feature to note is the progressive stabilization of the
secondary structure with increasing amounts of glycerol within
isolated WT-PRO"® and H69L-PRO"Y®, measured using
changes in ellipticity at 222 nm (Fig. 2C). As noted previously,
the secondary structure of H69L-PRO™"® is marginally more
stable than that of WT-PRO"R.

We next examined whether the increase in the secondary
structure induced by glycerol translates into a tighter binding
affinity between the propeptide and the catalytic domain. As
seen in Fig. 2D, the addition of 30% glycerol enhanced the bind-
ing affinity, as measured using IC,, values. The IC,, of WT-
PROYR decreased from 33 nm to ~2 nm and that of H69L-
PROF® from 11 nm to ~0.8 nm. Taken together, our results
support the hypothesis that both the increased structural (Fig.
2, A—C) and thermodynamic stability (Fig. 1C) of the propep-
tides enhances their affinity for their cognate catalytic domains.
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FIGURE 2. A glycerol-induced structure of the isolated propeptides
enhances affinity for MATFUR, Shown is the secondary structure of WT-PRO-
FUR (4) and H69L-PRO™ R (B) measured using circular dichroism spectroscopy
as a function of increasing concentration of the cosolvent glycerol. Data are
plotted as molar ellipticity. C, changes in secondary structure of the isolated
propeptides, monitored by changes in ellipticity at A = 222 nm, with increas-
ing concentration of glycerol. D, activity, normalized to maximal activity with
no PRO, used to estimate IC,, values of the propeptides in the presence (O) or
absence (@) of 30% glycerol. Conc, concentration.

H69L-PRO*™ R [s More Stable toward pH-dependent
Unfolding—Because pro-furin undergoes its primary cleavage
in the neutral environment of the ER to form a cleaved, non-
covalently associated PRO"VR-MAT""® complex that transits
in to the mildly acidic TGN to become active, we next examined
how changes in pH affect the structure, stability, and binding
affinity of WT-PRO""® and H69L-PRO*"®, Propeptides were
purified, refolded, and analyzed for their secondary structure
content using CD spectroscopy as described (“Experimental
Procedures”). The results show that WT-PRO*“® undergoes
pH-dependent unfolding with an isosbestic point at ~208 nm
(Fig. 3A). A plot of the changes in CD signal at 222 nm as a
function of pH suggests that WT-PRO"“® undergoes a cooper-
ative sigmoidal transition to a more unstructured state. Inter-
estingly, the midpoint of this transition occurs at pH ~6.0, close
to the optimal pH for activation of furin. Under identical con-
ditions, H69L-PROF"® is more stable. Although it does
undergo some pH-dependent unfolding, with a midpoint of
transition, likewise, at pH ~6.0, it is critical to note that not only
itis more stable at neutral pH than the WT, but also that it is not
unfolded to the same extent, suggesting that the unfolding
response to pH is blunted. In comparison, the change in struc-
ture of isolated MAT"“® across this pH range is not significant
(Fig. 3C, colored lines), nor does the addition of glycerol mark-
edly change the structure of MAT'® (gray line). Taken
together, this suggests that the protonation status of His-69
may drive pH-dependent conformational changes in the iso-
lated furin propeptide. Our results indicate that lowering the
pH triggers a transition between a folded state at pH 7.4 and a
less folded, but not completely unstructured, state at pH 5.0.
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WT-PRO™® and H69L-PROF® as a function of pH, given in calories (Cal). , ICs, values for WT-PRO"® (top panel) and H69L-PRO"V® (bottom panel) as a function
of pH. F, activity of furin in the absence of the propeptide at varying pH. All values are given as a percentage of maximum activity and are the average of three

independent experiments.

Mutations of titratable group His-69 to leucine marginally
increase secondary structure at pH 7.4 and, to a larger extent, at
pH 5.0 (Fig. 3B), suggesting that protonation of His-69 is essen-
tial for the pH-dependent transition between the two states.

Next we measured the changes in thermodynamic stability of
the WT-PRO"“® and H69L-PRO"Y%, as described earlier (Fig.
1C), under conditions of varied pH. Our data suggest that the
overall thermodynamic stability of the proteins decreases when
the pH becomes more acidic (Fig. 3D). The greater change in
thermodynamic stability of HG9L-PRO*"® as a function of pH
suggested that the H69L substitution enhanced the thermody-
namic stability in the isolated propeptide when compared with
WT-PROFR,

Because the concentration of protons affects the conforma-
tion of WT-PRO*® and H69L-PRO"R, we next measured
how this conformational change affects the IC, values as a
function of pH (Fig. 3D). The data demonstrate that the ICg,
values for WT-PRO"R and H69L-PRO""® change as a func-
tion of pH, with the maximum inhibitory concentration
required for both proteins at pH 6.0 (Fig. 3D) and the midpoint
of the conformational transition being ascertained using CD
spectroscopy (B). Moreover, three important features in Fig. 3D
are noteworthy. 1) The IC,, value for WT-PRO""® at pH 7.4
(~12 nwm) is about 4-fold higher than at pH 6.0 (IC,, ~ 50 nm);
2) the IC,, value for H69L-PRO"“® at pH 6.0 (~17 nm) is about
3-fold lower than that for WT-PRO"Y® (IC5, ~50 nm); and 3)
when the pH is lower than the optimum for activation (pH
~6.0), the IC,, value drops to lower concentrations of propep-
tides for both WT-PRO"“® and H69L-PRO"V%, suggesting an
apparent increase in binding affinity. To examine whether pH
denatures or inactivates MATFVR, we also monitored changes
in the secondary structure (Fig. 3C) and the activity of furin
across this pH range with no propeptide present (F). It is worth
noting that although the activity of furin does decrease as pH
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drops, it remains active, with an activity at pH 5.0 roughly 50%
of that observed at pH 6.0, where IC, is highest. This suggests
that furin remains structurally stable, indicating that increased
affinity at pH 5.0 is likely a chemical phenomenon. Hence, the
change in IC, which is roughly 40-fold lower at pH 5.0 than at
pH 6.0, cannot be explained by changes in activity alone. We are
currently unable to examine directly how pH affects the pro-
peptide-furin complex because of the high concentrations of
mature furin required to create stoichiometric complexes. We
used mathematical simulations to test whether small changes in
binding affinities could account for in the inability of the variant
to undergo activation, as described in the next section.
Mathematical Modeling of Furin Activation—To better
understand the mechanism of furin activation, we modeled the
activation the of pro-furin complex using CellWare in a manner
similar to our previous work on the activation of pro-subtilisin
(22). The CellWare package offers a multialgorithmic environ-
ment for modeling and simulation of kinetic networks using
both deterministic and stochastic algorithms. The software
allows modeling of elementary molecular interactions in terms
of rate equations, and the temporal changes in molecular spe-
cies or their stationary state values can be studied using sto-
chastic and deterministic algorithms. Such models enable the
analysis of evolution of molecular species and how they can
affect the overall behavior of the system. The main advantage
offered by such models is that it allows us to evaluate how mod-
ulating individual interactions affects the overall process out-
come and was used to substantiate the experimentally observed
stochastic activation of pro-subtilisin (22). Using CellWare ver-
sion 2.0, we modeled the activation pathway furin. The auto-
processed PROFYR-MAT*YR complex, free folded PRO*Y%, the
PROFVR-MATF"® degradation complex, degraded PRO"%,
and free active MAT "R were represented as individual molec-
ular species. Interactions between them were defined using the
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law of mass action, and rate constants were defined from exper-
imentally determined rates that have been published previously
to recapitulate the established timing of furin activation (14,
22). Fig. 4A depicts the complete pathway. Starting with 10,000
autoprocessed PROFVR-MAT*Y® complexes, the evolution of
individual molecular species along the maturation pathway was
simulated using the Gillespie algorithm (“Experimental Proce-
dures”). Although mature furin already exists in the cellular
environment, our first simulation assumed that furin initially
exists only as part of the inhibition complex inside the TGN. In
this reaction, the complex has to dissociate into isolated furin
and PRO"Y® molecules, which can then reassociate in a differ-
ent configuration to form the degradation complex I (Fig. 44,
reactions 1 and 2, respectively). Numerical values for rates of
dissociation of the complex and the formation of degradation
complex I were approximated using affinity constants of
PROFYR (14 nm, Refs. 18, 36) and K, for furin substrate reac-
tions (1.99 uMm, Refs. 14, 18). Using this model, the time-depen-
dent activation of mature furin follows a stochastic model and
concurs with experimental data for subtilisin, a bacterial hom-
olog of furin (22). The rapid decrease in accumulated autopro-
cessed particles coincided with a none-to-all increase in mature
furin and is indicative of rapid, autocatalytic activation (Fig.
4B). Although the release of free protease is extremely random,
a graph of the number of active furin molecules versus time of
activation for 1000 sample iterations is distributed broadly (Fig.
4C, first panel), with the maximum number of molecules being
activated at ~120 min. Thus, by fitting a minimalist mathemat-
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ical model to the protease activation pathway of furin using a
stochastic algorithm, our results appear consistent with our
earlier experimental data that suggest that the time of activa-
tion of furin is ~120 min (14, 17) However, if active furin
already exists when the inhibition complex enters the TGN,
which is the likely scenario inside a cell, the distribution of furin
molecules versus time is altered, occurring almost instanta-
neously when even one free molecule is present (Fig. 4C, second,
third, and fourth panels). As in this scenario, should the cleav-
age loop be accessible for cleavage in trans, the breakdown of
the inhibition complex is rapid and establishes an activation
paradigm that is dependent on initial precursor concentration,
a case that does not match experimental observations, indicat-
ing that there must be some conformational change that mod-
ulates access to the cleavage site before processing and activa-
tion can occur. We next simulated the activation pathway for
different values of K, (the affinity between the propeptide and
protease domain, Fig. 44, reaction 1) and analyzed the distribu-
tion in time of activation (D). For each value of K, the mean
time of activation for 1000 iterations was estimated. At low K,
activation is fairly uniform and rapid, whereas a higher affinity
results in the simultaneous increase in both time of activation
and the associated stochastics (Fig. 4D), similar to that observed
in the activation of isolated pro-subtilisin (22). Furthermore,
the range of experimentally determined affinities depicted in
Fig. 4D suggests that an ~3-fold change in apparent affinity
from ~50 nM (WT-PRO*VF) to ~17 nm (H69L-PROFUF)
appears to be insufficient to account for the experimentally
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observed inability of HG9L-PRO""R-MAT" " to undergo acti-
vation at an acidic pH. Taken together, our simulations suggest
that changes in affinity of the magnitudes seen in our results are
not sufficient to account for the inability of H69L-PRO""® to
undergo activation in the secretory pathway.

Another noteworthy observation of our experimental results
was the fact that the apparent affinity of the propeptide for the
protease domain increases below the optimal pH for activation,
despite the decrease in thermodynamic stability of the isolated
propeptide. An earlier report suggested that at a pH of 5.0, the
catalytic efficiency (k_,,) of furin is reduced to 35% of its maxi-
mum at optimal pH (37, 38), which may explain the apparently
higher affinity seen in our results. To explore this, we again used
our model to monitor the time of activation for a complex when
the rate of degradation of the intramolecular chaperone (deg-
radation complexes I and I, Fig. 4A, reactions 4 and 5) is altered.
We simulated up to a 10-fold increase and decrease in rate of
processing of the intramolecular chaperone as a surrogate for
protease activity. Our results show that changes in activity have
little effect on the overall time of activation (data not shown),
indicating that a change in activity is unlikely to account for the
differences in affinity observed in our studies.

Molecular Dynamics of the Furin Propeptide:—Molecular
dynamics (MD) simulations can provide information that com-
plements biophysical and biochemical studies of propeptide-
mediated protease activation in eukaryotes. MD simulations
have been used successfully to model time-dependent changes
on residue resolved scale, and the results obtained are consis-
tent with experimental data (19, 24, 39 —44). To investigate how
the H69L substitution may affect pH-mediated structural
changes, we employed MD simulations.

We have shown previously that protonation of histidine side
chains in the PRO of furin leads to drastic loss of structure
during a 10-ns MD simulation (19). We hypothesized that
introduction of the H69L into our model should stabilize the
structure. To test this hypothesis, we first compared the root
mean square fluctuations (RMSF) values of WT-PRO*"® at pH
7.0 and pH 6.0 (Fig. 5A). Although histidine protonation
increased fluctuations at almost all residues, the highest
increase was observed in the loop flanked by 82 and 33 in prox-
imity of residue 61 and within the C-terminal half of the cleav-
age loop. The largest increase was observed for His-80, whereas
His-69 did not show any change upon protonation and
remained stable. The H69L substitution reduced conforma-
tional fluctuations during the simulation at pH 7, with an even
greater stabilization observed at pH 6. Interestingly, in H69L-
PROTY®, His-80 appears to be the most stabilized compared
with residues at pH 6.

Analysis of the root mean square deviation values compared
with the starting structure (Fig. 5B) as well as ribbon represen-
tation of the starting and end structures (C) revealed that dur-
ing the simulation, the core region remains largely stable at pH
7.0 in the WT and H69L-PRO*YR, It is important to note that
the loop regions, which had a very high root mean square devi-
ation during the simulation of WT-PRO"Y%, were stabilized
substantially by the H69L variant. At pH 6, the core domain of
the WT lost its native structure, indicated by rising root mean
square deviation values. Compared with WT-PRO*™%, the
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H69L variant stabilized the core and loop region significantly,
although a slight increase in root mean square deviation was
still observed.

Hence, our MD simulations suggest that although the loop
region shows a high degree of flexibility during simulations
using both protonated and unprotonated histidines in
WT-PROFUR, the core remains stable in simulations using
unprotonated histidines but loses structure in simulations
using protonated histidines. Introduction of the H69L substi-
tution into our model greatly increased stability of the core
region during our simulation using protonated histidines, con-
firming that protonation of His-69 alone plays an important
role in the pH-mediated structural changes. Interestingly,
H69L mutations also lead to an increase in stability in the loop
regions that stayed buried during the simulation. Taken
together, the MD simulations are consistent with our hypoth-
esis that changes in physical properties of the side chain at the
pH sensor position has a strong influence on the structure of
the activation loop and also suggest that leucine, because of its
greater hydrophobicity, may not be a faithful representation of
unprotonated histidine.

DISCUSSION

In this work, we have employed biophysical, biochemical,
and computational approaches to investigate pH-dependent
activation of furin, the canonical proprotein convertase (5). Our
results provide insight into the way in which mature furin rec-
ognizes and responds to the changing pH of the secretory path-
way and allow us to propose a mechanism for regulated activa-
tion. We also demonstrated that the propeptide provides furin
a defined “activation window” wherein the steps of regulated
proteolysis occur within a specific pH range, outside of which
the chemical and structural properties of the propeptide appear
to block activation of the protease, thereby preventing activa-
tion within downstream compartments.

Mechanism of pH-dependent Activation of Pro-furin—There
are at least three possible mechanisms (Fig. 6) through which
the stoichiometric inhibition complex (PRO*"*-MAT!Y®) can
become active upon reaching the TGN. The first mechanism
posits that protonation of the pH sensor, along with other his-
tidine residues, can induce dissociation of PROFY® from
MATFYR, which then triggers the second proteolytic cleavage
(23, 45). The second mechanism postulates that pH causes par-
tial unfolding of the propeptide, which enables the second
cleavage site to access the active site, promoting proteolysis in a
cis reaction. The third mechanism hypothesizes that protona-
tion of the pH sensor induces conformational changes that
allow a mature furin molecule to access the loop that harbors
the second internal cleavage site in trans (4, 18). In these cases,
subsequent cleavage facilitates propeptide dissociation (Fig.
6A).

To test these possibilities, we undertook various in vitro and
in vivo experiments. Our results are most consistent with the
hypothesis that the cleavage loop is critical to the overall struc-
ture and stability of the propeptide for the following reasons.

The data demonstrate that a 25-fold increase in proton con-
centration observed between pH 7.5-6.0 causes an ~3.5-fold
change in apparent binding affinity for WT-PRO""®. More-
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PROFUR Dissociation
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FIGURE 6. Models of furin activation. Three potential models of furin activa-
tion are considered. The dissociation model (top panel) posits that PROFUR
dissociates from MAT" YR after the pH sensor is protonated and then reasso-
ciates in a different orientation so that the propeptide can be cleaved. The cis
and trans models of processing (center and bottom panels, respectively), in
contrast, both suggest that protonation of the pH sensor drives an unfolding
event that allows the cleavage site loop to become accessible to the active
site, either for its own MAT " to be cleaved in cis (center panel), or to a second
molecule of MAT R to be cleaved in trans. Only after the propeptide is
cleaved does it dissociate from the protease.

over, the H69L pH sensor variant affects the apparent binding
affinity ~3.5-fold. To further test this, we built a mathematical
model that assumed that protonation of the pH sensor pro-
moted dissociation, allowing it to be processed. By varying K,
we determined the effect of varying the affinity between the
propeptide and protease on the rate of activation, which is a
stochastic process in bacterial subtilisin (22). Our simulation
results demonstrate that ~10-fold changes in the affinity
between PRO""® and MAT""® have only a minimal effect on
the rate of activation within physiologically relevant range of
values. It is noteworthy that our experimental data establish
that the change in affinity because of the substitution is
~3-fold, which argues that dissociation alone cannot account
for lack of activation of the H69L-PRO*"R-MAT R complex
observed in cell-based studies.

MD simulations suggest that His-69 protonation affects
furin activation by increasing the conformational dynamics
of the cleavage loop. At acidic pH, histidine residues within
WT-PROFV® are protonated, including the pH sensor, His-69.
However, when His-69 is replaced by Leu, the conformational
dynamics of the loop are reduced dramatically, despite all of the
remaining histidine residues being protonated (Fig. 5). Hence,
the protonation status of His-69 alone affects the dynamics of
the activation loop of the wild-type and mutant propeptides at
two different pHs. Our simulations suggest that at pH 6.0,
where the imidazole side chain of histidine is protonated, a
dramatic movement in the loop region of PRO"V® precedes the
overall unfolding of the propeptide domain. This movement is
reduced substantially in the case of the H69L variant, resulting
in diminished unfolding of the propeptide as seen in Fig. 5.

The addition of the cosolvent glycerol induces a greater
structure in WT-PRO*Y® as compared with H69L-PRO'YE,
indicating that the mutant is more “native-like,” perhaps
because of the hydrophobic packing of the loop into the core of
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the propeptide. This increased structural stability correlates
with an increase in affinity of the propeptide for the protease
domain, as evidenced by the lower IC., values calculated from
experiments both with the constitutively deprotonated mutant
propeptide and with the wild-type as pH is lowered. It is impor-
tant to note that His-69 is solvent-accessible yet abuts a pocket
formed partly by the hydrophobic core residues. Above the pH
optimum of activation (pH > 7.0), the packing of the deproto-
nated His-69 into the core maintains a well packed structure
that favors the bound state. However, upon protonation, the
imidazole ring becomes charged, disrupting the packing and
resulting in destabilization and local unfolding that exposes the
cleavage site.

Hence, the results of our experimental and simulated data
indicate that structural changes alter the accessibility of the
cleavage site, thus raising the question of how the cleavage site
becomes available to the active site. Although we cannot defi-
nitely distinguish between the possibility that the loop move-
ment simply moves the cleavage site into a position more acces-
sible to the active site in cis, or that there is a larger
destabilization of the packing of the hydrophobic core that
allows processing by a second molecule of furin in trans (Fig. 6),
findings reported previously may lend some insight. In earlier
work we observed that when the pH sensor, His-69, was
mutated to leucine, no activation of furin takes place under
basal conditions (18). Experiments where excess active furin
was added to the inhibition complex indicated that at a non-
permissive pH, exogenous furin was unable to affect activation
of the inhibited furin. This suggests that the cleavage loop is
inaccessible to free furin molecules at a pH outside of its opti-
mum (18). Therefore, we argue that activation is mediated by
proteolysis permitted by movement in the cleavage loop that
only occurs upon protonation of the pH sensor and that disso-
ciation occurs subsequently to processing.

Given this model, it is interesting to consider the possibility
that activation is not concomitant with processing but, rather,
that the C-terminal part of the propeptide sits in the substrate
binding pocket and likely remains bound there for a period of
time before it too dissociates to release inhibition. This is con-
sistent with studies that demonstrate that the C-terminal pro-
peptides fragments are potent inhibitors of furin (36, 46). We
do not know whether, upon cleavage, there is a change in affin-
ity or structure or if another protease plays a role in the disso-
ciation (47). We can speculate that after the propeptide is
cleaved at Arg-75, the shorter peptide fragment that lies in the
substrate binding pocket is simply too short to make efficient
contacts with residues of the protease and dissociates or, alter-
natively, that the cleavage allows a structural change to take
place that promotes dissociation. A final alternative possibility
is that the peptide fragment then becomes a substrate for cleav-
age in trans by another protease, such as carboxypeptidase (48).
Although we cannot yet distinguish between these possibilities,
future work will undoubtedly shed further light on this step of
activation. The mathematical modeling MD simulations, along
with experimentally measured changes in secondary structure
and binding affinities, are consistent with our model that pro-
teolytic processing precedes propeptide dissociation (Fig. 6).
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The physical and Chemical Properties of the Propeptide Provide
an Optimal Window for pH-dependent Furin Activation—
Another interesting facet of furin activation is the apparent
optimal pH window. Just as furin is not activated until it reaches
the optimal pH environment of the TGN, it is not active at a
lower pH unless it has transitioned appropriately through its
activation window. We demonstrate that the propeptide
defines this activation window. As indicated by the seeming
discordance between pH-dependant changes in thermody-
namic stability and affinity for the protease domain, there are
multiple factors at play that determine the inhibitory behavior
of the propeptide.

Although the thermodynamic stability analyses were con-
ducted on isolated propeptides, the inhibition experiments
require an association between the propeptide and protease
domains, an interaction that we cannot, at this time, study
directly. Although the isolated propeptide may lose stability at
an acidic pH, its association with the protease domain may be
enhanced because of changes in protonation states of charges
side chains in the complex. As depicted in Fig. 7, there are
several potential ionic interactions that may affect the interface
between the propeptide and the protease domain. Also, given
the local hydrophobicity at the interface, the pK, values of the
charged groups are likely to be perturbed.

An alternative possibility for the apparently higher affinity at
low pH could be a result of the apparent reduction in enzyme
activity because of lower catalytic efficiency, as seen in Fig. 3F
and as reported by others (37, 38). It is noteworthy that
although furin activity drops ~50% at pH 5.0 when compared
with pH 6.0, the corresponding changes in IC,, are ~40-fold
over the same pH range. Hence, we posit that furin remains
structurally stable (as seen by activity and CD studies), indicat-
ing that this is likely a chemical phenomenon. We tested this
hypothesis further using mathematical simulations, simulating
changes in the catalytic efficiency of the enzyme and examining
its effects on the time of activation. Our results suggest that in
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physiologic ranges of the binding affinity, 10-fold changes in the
catalytic efficiencies do not significantly alter the time of acti-
vation (data not shown). Hence, we argue that the observed
optimal window for activation is a result of the apparent
increase in affinity between the propeptide and protease
domain. Although this may be tested experimentally using iso-
thermal titration calorimetry, the high concentrations of active
furin required make these experiments difficult at this time.

Hence, on the basis of our biophysical and biochemical
experiments and computational simulations, we argue that the
right balance of protonation and destabilization of PRO*VX
must be struck for efficient proteolysis to occur within the sec-
ondary cleavage site within the propeptide. We propose that
this balance is only found within the strict confines of the acti-
vation window, thus preventing inappropriate activation of the
protease within downstream compartments.

Implications of the pH Sensor in the Activation of Proprotein
Convertases—The data presented here suggest an overarching
model for activation of the PCs using furin as an example. Upon
entering its window of activation, His-69, the pH-sensor in
furin, is protonated to destabilize the hydrophobic pocket in
which the pH sensor sits. Destabilization pushes the cleavage
loop outward, thus allowing the catalytic site access to the sec-
ondary cleavage site. At the same time, a certain amount of
flexibility in the association of the propeptide with the protease
domain is preserved, which allows this cleavage to act as a finely
tuned trigger. Above the pH optimum for activation, the stabil-
ity of the propeptide, because of the hydrophobic packing of the
pocket, keeps the propeptide tightly associated with the prote-
ase, and it is likely that below this window, secondary associa-
tions form as acidic residues, such as glutamates and aspartates,
and are protonated, thus forming salt bridges that keep the
propeptide tightly associated. Hence, it is only within a small
window of pH that furin is able to be activated.

We have demonstrated that the propeptides of furin and PC1
alone contain information necessary for their compartment-
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specific activation (19). However, the residue that corresponds
to His-69 in furin is conserved within all PCs, suggesting that
additional factors must augment the subtle differences between
the pH optima of individual PCs. This may be in part mediated
by the distribution of additional histidines and other charged
residues within the propeptides of PCs. Whether such evolu-
tionary enrichment in His content is evident in other protease
families is a subject of ongoing research in our laboratory.
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