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Abstract

Thrombin-catalyzed activation of factor VIII (FV1II) occurs through proteolysis at three P1 Arg
residues: Arg32 and Arg”#0 in the FVIII heavy chain and Arg689 in the FVIII light chain.
Cleavage at the latter two sites is relatively fast compared with cleavage at Arg32, which appears
rate limiting. Examination of the P3-P3’ residues flanking each P1 site revealed that those
sequences at Arg’% and Arg1689 are more optimal for thrombin cleavage than at Arg372,
suggesting these sequences may impact reaction rates. Recombinant FVI1I1 variants were prepared
with mutations swapping scissile bond flanking sequences in the heavy chain individually and in
combination with a second swap or with a P1 point mutation. Rates of generation of Al and A3-
C1-C2 subunits were determined by Western blotting and correlated with rates of cleavage at
Arg®72 and Argl689 respectively. Rates of thrombin cleavage at Arg3’2 were increased ~10-fold
and ~3-fold compared with WT FVIII when replaced with P3-P3” residues flanking Arg”40 or
Argl689 respectively, and these values paralleled increased rates of A2 subunit generation and
procofactor activation. Positioning of more optimal residues flanking Arg372 abrogated the need
for initial cleavage at Arg’40 to facilitate this step. These results show marked changes in cleavage
rates correlate with the extent of cleavage-optimal residues flanking the scissile bond and
modulate the mechanism for procofactor activation.

Factor VIII (FVIII1) is an inactive procofactor that is essential in blood coagulation as
mutations or splicing defects in the FVIII gene lead to hemophilia A. FVI1II is synthesized as
an ~300 kDa single chain molecule corresponding to 2332 amino acids in six distinct
domains ordered as: NH»-A1-A2-B-A3-C1-C2-COOH (1, 2). Segments rich in acidic
residues border the A domains of FVIII and are designated al (residues 337-372) and a2
(residues 711-740) which directly follow the Al and A2 domains, respectively, and a3
(residues 1649-1689) preceding the A3 domain. FVIII circulates primarily as a heterodimer
composed of a heavy chain (Al-al-A2-a2-B domains) and a light chain (a3-A3-C1-C2
domains) as a result of proteolytic processing at the B-a3 junction (3).
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The activated cofactor, factor VIlla (FVIlIa) binds to factor IXa (F1Xa) on a membrane
surface and this complex activates factor X (FX). FVIlla increases the catalytic efficiency of
F1Xa by several orders of magnitude in a primarily k.o-dependent manner (4). Conversion
of the procofactor to activated FVIlla occurs through limited proteolysis by either thrombin
or FXa (5, 6) via cleavage of three P1 residues at Arg’4? (a2-B junction), Arg372 (a1-A2
junction), and Arg1689 (a3-A3 junction) (5). Thrombin is considered the physiological
activator of FVIII inasmuch as von Willebrand factor inhibits the membrane-dependent
procofactor activation catalyzed by FXa (5, 7). An essential step in activation of the
procofactor is cleavage at Arg372 as this cleavage allows exposure of FIXa-interactive sites
in the A2 domain that are otherwise masked (8). Cleavage at Arg1689 is also critical as it not
only increases cofactor specific activity, but releases FVIIla from von Willebrand factor (9-
11). Inactivation of FVIIla resulting in down-regulation of the intrinsic factor Xase complex
(3) occurs through two mechanisms: spontaneous inactivation via dissociation of the weak
electrostatic interaction between the A1/A3-C1-C2 dimer and the A2 subunit (12, 13), and
proteolytic inactivation via cleavage at Arg336 and Arg®2 by activated protein C (5, 12, 14)
and FXa (5,15).

Substrate recognition by thrombin occurs through interaction with one or both anion binding
exosites (ABE1 and ABE2) followed by active site docking (16). This docking primarily
affects the Vpax for substrate activation by thrombin, while it is believed that exosite
binding exclusively determines substrate affinity (17). Examination of the P3-p3’2 region of
thrombin substrates reveals a variety of residues that can be accommodated by thrombin and
it is speculated that P1-P3” flanking sites primarily affect substrate docking independent of
binding affinity (16, 18, 19).

Previous studies on the proteolytic activation of FVIII by thrombin have indicated that both
ABEL1 and ABE2 contribute to the activation mechanism (20). Furthermore, there appears to
be a competition between heavy chain and light chain for this exosite-dependent binding,
with binding to and cleavage of FVIII heavy chain preferred (21). Additionally, this
mechanism is further complicated by the presence of three P1 cleavage sites which differ in
P3-P3” sequences flanking the P1 Arg372, Arg740, and Arg689 which are represented

by 370QIR*SVA37S, 738EPRYSFS743, and 1687SPRYSFQL692, respectively. Residues
flanking Arg372 are considered non-optimal for thrombin cleavage with only two residues
optimal (bold) for cleavage in the P3-P3” sequence, while residues flanking at the two other
P1 sites are considered near-optimal with four out of six residues optimal (bold) (22).
Inasmuch as the rate limiting cleavage occurs at Arg372 (3, 23), there is a possible role for
residues flanking the P1 site in the overall reaction mechanism. In the current study, the
effects of P3-P3” residues on thrombin-catalyzed cleavage and activation of FVIII were
investigated using recombinant FV111 variants possessing P3-P3” sequence swaps of
residues flanking P1 residues Arg372, Arg’40, and Arg1689, Results from this study show
marked changes in site-specific cleavage rates that correlate with the degree of cleavage-
optimal residues present flanking the scissile bond.

EXPERIMENTAL PROCEDURES

Reagents

The coagulation proteins FIXa, FXa, FX, and human a-thrombin, were obtained from
Enzyme Research Laboratories. Chromogenic FXa substrate Pefachrome® FXa
(CH30COD-CHA-Gly-Arg-pNA) (Pentapharm), horseradish peroxidase-labeled

2Residues flanking the scissile bonds are denoted using the nomenclature of Schecter and Berger (35). Residues preceding the scissile
bond are designated P1..Pn extending toward the NH2-terminus and residues following the scissile bond are designated P1'..Pn'
extending toward the COOH-terminus.

Biochemistry. Author manuscript; available in PMC 2013 April 24.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Newell-Caito et al.

Page 3

streptavidin (Calbiochem), and recombinant non-sulfated hirudin-(55-65) (Calbiochem)
were purchased from the indicated suppliers. Pete Lollar and John Healey (Emory
University) generously provided the Bluescript FVIII vector (pBS FVIII) and B-domainless
FVII1I expression construct RENeo FVII1. Monoclonal antibodies C5 (recognizing the al
region) and 2D2 (recognizing the A3 domain) were gifts from Drs. Zaverio Ruggeri and
Lisa Regan (Bayer), respectively. The monoclonal FVIII antibodies R8B12 (GMA-012)
(recognizing the A2 domain, (12) and GMA-8003 (recognizing the C2 domain) were
obtained from Green Mountain Antibodies.

Phospholipid Vesicles

N-octyl glucoside was used to prepare phospholipid vesicles containing 20%
phosphatidylserine, 40% phosphatidylcholine and 40% phosphatidylethanolamine (Avanti
Polar Lipids) (25).

FVIlI-deficient Plasma

FVIlI-deficient plasma was prepared by incubating pooled human plasma with 25 mM
EDTA for ~18 h at 4 °C followed by addition of 25 mM CaCl; (24). Aliquots were snap-
frozen in liquid N, and stored at =80 °C.

Construction, Expression, and Purification of Recombinant Proteins

The FVIII expression construct FVIIIHSQ-MSAB-Notl-RENeo was restricted using the
endonucleases X#iol and Nod to create B-domainless FVII1 cDNA and cloned into the
pBluescript 11 K/S-vector. The B-domainless FVIII cDNA was then further restricted using
endonucleases Sacll/Apal to create the Argl689 and Arg”40 P3-P3” mutants and
endonucleases Spel/Sacll to create the Arg3’2 P3-P3” mutants. All P3-P3” mutants were
subcloned into the pBluescript 11 K/S-vector and introduced into the construct using the
Stratagene QuikChange site-directed mutagenesis kit as previously described (26, 27).
Dideoxy sequencing was used to confirm the presence of only the desired mutation. The
mutated FVIII cDNA was then ligated back into the FVIII expression shuttle construct and
subjected to a second round of dideoxy sequencing, again to confirm that only the desired
mutation was present. The FVIII expression construct was transfected to BHK cells using
FUGENES (Roche). Geneticin® antibiotic selection, subcloning, and cloning of stable
transfectants were performed by standard methods, and the cloned cells were cultured in
roller bottles for protein expression (27). Approximately 300 mL of conditioned media was
collected daily for 4 days and the expressed proteins were purified by SP-Sepharose
(Amersham Biosciences) column chromatography as previously described (27). Fractions
were assayed using FVII1-deficient plasma in a one-stage clotting assay in order to
determine fractions containing FVII1I. Yields of purified wild-type (WT) and variant FVIII
ranged from ~0.2 to 1.0 mg per liter of conditioned media. Resultant FV111 was >90% pure
as judged by SDS-PAGE with the main contaminant being albumin. FVIIl samples were
snap-frozen in liquid N, and stored at —80 °C.

One-stage Clotting Assay

FVIl1-deficient pooled human plasma was incubated with activated partial thromboplastin
reagent (Trinity Biotech) for 7 min at 37 °C. A dilution of FVIII was added to the cuvette
and after incubation at 37 °C for 1 min, CaCl, (6 mM final concentration) was added and the
time to form a clot was measured using an ST4 coagulation analyzer (Diagnostica Stago)
and compared with a pooled normal plasma standard (George King Biomedical, Inc.).

Biochemistry. Author manuscript; available in PMC 2013 April 24.
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Enzyme-linked Immunosorbent Assay

A sandwich ELISA was used to determine the final concentration of purified FVIII proteins
as previously described (26). Briefly, GMA-8003 was used as the capture antibody and
biotinylated R8B12 was used as the detection antibody. A chromogenic assay was used to
determine the amount of FVIII bound to the plate utilizing streptavidin-linked horseradish
peroxidase (Calbiochem) with the chromogen o phenylenediamine dihydrochloride (Sigma).
Purified commercial recombinant FVI1I (Kogenate; Bayer) was used as the standard. FVIII
specific activity values were determined using one-stage clotting and ELISA (26).

Thrombin Cleavage of FVIII

WT or mutant FVIII (100 nM) was incubated at 22°C with indicated concentrations of
thrombin (see Legends) in a buffer containing 20 mM HEPES, 0.14 M NaCl, 5 mM CaCl,,
and 0.01% Tween 20, pH 7.2. Samples were removed at indicated time points during the
time course and terminated by addition of sodium dodecyl sulfate-polyacrylamide-gel
electrophoresis (SDS-PAGE) sample buffer (0.04 M Tris-HCI, 2% (w/v) SDS, 4% (v/v)
glycerol, 0.05% bromophenol blue, pH 6.8) containing 3% (v/v) 2-mercaptoethanol and
boiled for 3 min. Cleavage rates were assessed by rates of A1, A2, and/or A3-C1-C2 subunit
generation.

Electrophoresis and Western Blotting

Thrombin cleavage of WT and mutant FVI1I was evaluated by SDS-PAGE (28) on 8%
polyacrylamide gels using a BioRad mini-gel apparatus at 175 V for 1 h. Protein transfer
occurred on polyvinylidene fluoride membrane for 1 h at 100 V in ice cold transfer buffer
(10 mM 3-(cyclohexylamino)propane-1-sulfonic acid, 10% (v/v) methanol, pH 11).Western
blotting was performed by probing the membranes with anti-FVI1l monoclonal antibodies as
indicated in the figure legends, followed by addition of an alkaline phosphatase-linked goat
anti-mouse (Sigma) as the secondary antibody. An enhanced chemifluorescence (ECF®)
system (Amersham Biosciences) was used to detect the signal and the blots were scanned
over a range of 650-740 nm with a Storm 860 instrument (GE Healthcare). Densitometry
was used to quantitate the linear density regions of the blots using Image Quant software
(GE Healthcare).

Determination of Rates of Subunit Generation

Rates of subunit generation following thrombin cleavage of WT and mutants were
calculated from the blots based upon summing all FVIII band density values. The intensity
of each band was determined by volume integration and corrected for variability in
background staining by using densities in the areas immediately adjacent to each band. The
concentrations of Al, A2, and A3-C1-C2 subunits were normalized to the total density in
each lane to correct for any differences in loading. Initial time points were fit using
nonlinear least-squares regression to the single exponential equation:

A=Ay(1 — Pty (1)

Where A, is the total nanomolar concentration of A1, A2, or A3-C1-C2 and ¢is the time in
minutes. The absolute value of Aypg represents the rate of the Al, A2, or A3-C1-C2 subunit
generation that was normalized by the thrombin concentration and expressed in nM Al, A2,
or A3-C1-C2 subunit/min/nM thrombin, respectively. All experiments were performed at
least three separate times and the average values with standard deviations are shown. The
quality of the fits was acceptable with R squared values ranging from 0.946-0.995. Data
were also subjected to analysis using a quadratic equation (21) and yielded rates that were
typically within 30% of those obtained with the single exponential equation (data not
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shown). Rate values are presented using the single exponential since the overall quality of
the fitted curves was superior with this method.

FXa Generation Assay

RESULTS

A purified protein system was used to measure the rate of FX conversion to FXa (29). In
order to assess thrombin activation of FVIII over a time course, FVIII (100 nM) was reacted
with 5 nM or 0.5 nM thrombin in a buffer containing 20 mM HEPES, 0.14 M NaCl, 5 mM
CacCly, and 0.01% Tween 20, pH 7.2. Samples were removed at indicated times and
thrombin activity was inhibited by the addition of hirudin (2 U/mL). The dilute FVIlla
solution (2 nM, final) was added to FIXa (20 nM) in the presence of phospholipid vesicles
(10 uM). FXa generation was initiated by addition of FX (300 nM). The reactions were
terminated with EDTA (50 mM) and rates of FXa generation were determined by the
addition of the chromogenic substrate Pefachrome® FXa (0.46 mM final concentration).
Reactions were read at 405 nm for 5 minutes using a Vyhax microtiter plate reader
(Molecular Devices).

Specific Activity of Recombinant FVIII Protein

Thrombin cleaves the FVI11 procofactor at Arg’4%, Arg372, and Arg1689, Recent studies have
shown that cleavage at Arg’40 appears several-fold faster than Arg1689 and this effect likely
results in part from exosite-driven competition between the heavy chain and light chain of
FVIII for thrombin binding (21). Furthermore, cleavage at Arg’0 facilitates cleavage at
Arg372 (30), which appears to represent the rate-limiting step in procofactor activation. The
current study investigates the effect of the P3-P3” residues of FVIII on thrombin proteolysis
at the three cleavage sites and, to this end, several recombinant B domain-deleted FVI1II
mutants were prepared and stably expressed. The variants 372(P3-P3")740, 372(P3-
P37)1689, and 740(P3-P3)372, designate variants where the entire P3-P3” sequences
surrounding one scissile bond in FVI1I were swapped with another (see Table 1). For
example, the 372(P3-P3")740 variant replaced the P3-P3” sequence at Arg3’2 with that from
Arg’40. In addition, a variant possessing the double swap 372(P3-P3")740/740(P3-P3")372
and one possessing the 740 for 372 swap plus a point mutation at Arg’40 to GIn to create a
non-cleavable site (372(P3-P3")740/R740Q) were prepared.

Specific activity values of WT and variant FVII1 were measured using one-stage clotting
and ELISA assays (Table 1). The specific activity values suggest an essentially normal
phenotype for the 372(P3-P3")740, 372(P3-P3")740/740(P3-P3")372, and 740(P3-P3")372
variants. The 372(P3-P3")740/R740Q variant showed a modestly reduced specific activity
(~40% of WT), whereas the value for the 372(P3-P3")1689 variant (~15% of WT) was
consistent with a mild hemophilic phenotype. The observed reduction in the specific activity
for FVIII 372(P3-P3")740/R740Q can be attributed solely to the GIn mutations at Arg’40
since this value was similar to the previous specific activity determined previously for the
single P1 site mutation alone (30).

Thrombin-Catalyzed Cleavage of 372(P3-P3") and 740(P3-P3") Recombinant FVIII Mutants

The variants 372(P3-P3")740 and 372(P3-P3")1689 were used to assess whether the more
thrombin-optimal P3-P3” residues that surround Arg”40 and Arg689 accelerate thrombin-
catalyzed cleavage at Arg372. These cleavage sites are schematically represented in Figure 1,
which also illustrates the FVIII single chain (A) and heterodimer (B). The B-domainless
recombinant FVIII used in this study is expressed in near equal amounts of single chain and
heterodimer. Furthermore, a B domain remnant of 14 amino acid residues remains and

Biochemistry. Author manuscript; available in PMC 2013 April 24.
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separates the a2 and a3 segments in the single chain form or represents the C-terminal end of
the heavy chain of the heterodimer.

Reactions were run over a 25-minute time course, and results were visualized using SDS-
PAGE and Western blotting to evaluate rates of FVVIlla subunit generation by thrombin as
described in “Experimental Procedures.” Reaction of WT FVIII with thrombin showed
efficient cleavage of single chain, and heavy and light chains resulting in the generation of
the A1, A2 and A3-C1-C2 FVIlla subunits (Figure 2). These blots were quantitated by
scanning densitometry and subjected to nonlinear least-squares regression analysis (Figure
3) to calculate rates of generation of each FVIlla subunit (Table 2). Generation of the Al
subunit results from a single cleavage at Arg3’2, therefore the rate of cleavage at that residue
is equivalent to the rate of Al subunit generation. The A2 subunit is derived from two
cleavages; one between the Al and A2 domains at Arg3’2 and the other between the a2
segment and B domain remnant at Arg’49 (Figure 1). While the A2 subunit released from
the heavy chain of the heterodimer requires only the single cleavage at Arg3’2, both
cleavages at Arg372 and Arg’40 are necessary to excise this subunit from single chain FVIII.
Since the presence or absence of the remnant is not discernable using SDS-PAGE, it is not
possible to directly determine the rate of cleavage at Arg’4? in recombinant B-domainless
FVIII. However, rates of A2 subunit generation in the variants are useful to estimate this
parameter relative to the WT FVIII value. A single cleavage at Arg1689 in both light chain
and single chain yields the A3-C1-C2 subunit, therefore the rate of generation of this subunit
represents the rate of cleavage at Argl689,

Evaluation of reactions using the 372(P3-P3")740 (Figure 2A) and 372(P3-P3")1689 FVIII
(blots not shown) revealed 10-fold and 3-fold increases, respectively, in the rates of cleavage
at Arg372 as determined by rates of Al subunit generation for the variants as compared with
WT FVIII (Figure 3A, Table 2). Reactions for the variants used 10% the thrombin
concentration employed for WT. Control experiments showed that cleavage rate values were
linear over this thrombin concentration range. Although the rate of thrombin cleavage at
Arg372 increased for the variants, this increased rate did not appear to be matched by the rate
of Arg740 cleavage as suggested by appearance of an A2-LC intermediate which was
detectable in the blots using the anti-A2 domain and anti-A3 domain antibodies (Figure 2B
and C). Thus the 10-fold and 8-fold increases in A2 subunit generation for the 372(P3-
P37)740 and 372(P3-P3")1689 mutants, respectively, most likely reflect the increase in the
rate of thrombin cleavage at Arg372 (Table 2). The rate of cleavage at Arg689 for both
372(P3-P3") mutants was similar to WT FVIII, suggesting little effect of accelerating
cleavage at Arg372 on cleavage at Arg%89. These results suggest that placing more optimal
residues at Arg372 increases thrombin cleavage at that site. Furthermore, the P3-P3” residues
flanking Arg’40 appeared more optimal for Arg372 cleavage than those flanking Arg1689
(Table 2). The P3-P3” sequences flanking Arg740 and Arg1689 differ only in the P3 and P3’
residues, suggesting the P3 Glu and/or P3” Ser may be preferred to Ser and/or Gln,
respectively.

Examination of the effects of replacing P3-P3” residues flanking Arg’4? on thrombin-
catalyzed cleavages of FVIII with those of the less optimal Arg372 flanking sequence
employed a similar Western blot approach as described above. Results obtained for the
740(P3-P3")372 variant revealed an ~2-fold increase in the rate of A1 subunit generation as
well as increased rate of A2 subunit generation (Figure 3A and B, Table 2). These results
were surprising and, for reasons that are unclear, indicated an accelerated rate of cleavage at
the P1 Arg372. However, the persistence of the A2-light chain and A2-a3 intermediates
(Figure 2B and C) throughout an extended time course suggested impairment of the rate of
cleavage at Arg’40 consistent with the less optimal cleavage sequence at this site.

Biochemistry. Author manuscript; available in PMC 2013 April 24.
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Thrombin-Catalyzed Cleavage of Combined (P3-P3") Recombinant FVIII Mutants

In order to gain insights into the coordination of heavy chain cleavages during the activation
process, we prepared a FVIII variant possessing two reciprocal swaps in the sequences
flanking Arg372 and Arg’40. Thus results obtained with this variant, 372(P3-
P3")740/740(P3-P3")372, would examine compensatory effects on cleavage within the same
chain following replacement of the slow site at Arg3’2 with the fast site at Arg’4% and vice
versa. In an earlier study (30), variants showing slower cleavage rates at Arg’49 also
demonstrated reduced rates of cleavage at the Arg3/2 site. Results from the Western blotting
time course of thrombin activation using the 372(P3-P3")740/740(P3-P3)372 variant
(Figure 4A and B) showed a 9-fold enhancement in rate of Arg3’2 cleavage (A1 subunit
generation) and a similar increase in the rate of A2 subunit generation (Figure 5A and B,
Table 2). Both of these effects were nearly identical to results obtained with the single swap
740(P3-P37)372 variant. The blotting also revealed two intermediates of A2-LC and A2-a3
(Figure 4B and C) suggesting inefficient cleavage at Arg’40 was a result of the swap for the
Arg®72 flanking sequence. Interestingly, there was a 2-fold decrease in cleavage rate at
Argl1689 as seen by a decreased rate of A3-C1-C2 subunit generation (Table 2).

The combination mutation variant used above placed the non-optimal P3-P3” sequence from
Arg372 at Arg79 in attempt to slow cleavage at the latter site. In the following experiment,
we used an additional combined variant where Arg”4% was now replaced with GIn to
eliminate this cleavage. This variant, designated 372(P3-P3")740/Arg740GIn, still retains
the optimal flanking residues for cleavage at Arg372 as in the above variant but is now
refractory to cleavage at the newly created GIn"40 residue. Earlier studies employing the
single point mutations where Gln replaced Arg’4? (30) showed a markedly reduced rate of
cleavage at Arg372 (~700-fold) reflecting a linkage of these catalytic events. Thus the
rationale for the current experiment was to assess the influence of the optimal flanking
sequence surrounding Arg372 when the alternate site was non-cleavable.

Results using the 372(P3-P3")740/Arg740GIn FVIII mutant indicated that thrombin
cleavage at Arg’40 was inhibited as shown by persistence of the A2-LC and A2-a3
intermediates (Figure 4B and C). However, as judged by Al subunit generation, cleavage at
Arg372 was increased by 11-fold compared with WT to a similar value observed for the
372(P3-P3")740 variant (Figure 5A and Table 2). These results suggest placing the more
optimal P3-P3” residues at Arg372 can abrogate the influence of initial cleavages at Arg’40
to yield (near) maximal rates of cleavage at Arg372.

Thrombin Activation of FVIII Proteins

Activation of the FVIII variants was performed to assess the effects of the P3-P3” mutations
on the generation of FVIlla activity. WT and mutant FVI1I (100 nM) were reacted with
thrombin over a 30 min time course and activity was monitored using a FXa generation
assay as described in “Experimental Procedures.” Two levels of thrombin (5 or 0.5 nM)
were used to activate WT FVIII. The rate of activation was directly proportional to the level
of thrombin used. At the higher concentration of thrombin (5 nM), WT FVIII demonstrated
a peak activity (~40 nM/min) at ~1 min after which cofactor activity steadily declined to
~10% peak activity at 30 minutes (Figure 6). The loss in WT FVIllla activity during the time
course is independent of thrombin and results from the dissociation of A2 subunit from the
A1/A3-C1-C2 dimer leading to inactivation of the cofactor and dampening of the intrinsic
factor Xase (31).When 0.5 nM thrombin was used to activate WT FVIII, the activation
profile yielded a slower activation rate, an ~5-fold reduction in peak activity, and a broader
plateau of activation (~5-10 min). The plateau of activity likely reflects a balance in the
slower rate of activation coupled with the decay of FVIlla (31).

Biochemistry. Author manuscript; available in PMC 2013 April 24.
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FVIII variants were activated using the lower thrombin concentration. In all cases, the
generation of FVIlla occurred at a faster time course than was observed using this thrombin
concentration with WT FVIII (Figure 6). Similar activity profiles were observed for the
740(P3-P3")372 and 372(P3-P3")740/740(P3-P3")372 mutants. These variants demonstrated
a faster rate of procofactor activation compared to WT (1-2 min versus 5-10 min) with an
~2-fold increase in peak height. The 372(P3-P3")740 and 372(P3-P3")740/R740Q variants
also showed faster rates of activation (peaking at 1-2 min and 2-5 min, respectively) and
had similar peak values of activation compared to WT FVIII. Lastly, the 372(P3-P3")1689
variant, although showing a faster rate of activation, had an ~8-fold reduction in peak
activation. This variant also demonstrated low specific activity that suggested substitution of
residues affected cofactor function. However, in all cases these faster activating variants all
exhibited increased rates of cleavage at Arg372 consistent with this site representing the rate
limiting step in the activation mechanism.

DISCUSSION

In this study we examined thrombin-catalyzed cleavage and activation of FVI1II substrates
possessing swaps for the P3-P3” sequences flanking the scissile bonds in the heavy chain.
Results obtained from variants possessing single sequence swaps, a double sequence swap,
or a single swap combined with point mutations to render the P1 Arg”49 non-cleavable
yielded several observations regarding the role of the P3-P3” sequences in the activation
mechanism. First, the sequence flanking a particular P1 makes a variable and, in some cases,
substantial contribution to the rate of attack at that site, with more optimal residues for
thrombin yielding enhanced reaction rates. Second, P3-P3” sequences at the scissile bonds in
the heavy chain appear to modulate the rate of catalysis at distal P1 sites. Third, comparing
effects of P3-P3” sequences flanking residues Arg’4? and Arg1689 which possess
differences in only the P3 and P3” positions, suggest changes in individual residues removed
from the P1 site can yield marked effects on catalytic rate. Finally, swaps that place more
optimal residues flanking the rate-limiting Arg372 site result in more rapid rates of thrombin-
catalyzed cleavage and procofactor activation, independent of the sequences flanking the
scissile bond at Arg”40 or whether that bond can be cleaved. This latter observation is of
particular interest in that it reflects a disengagement of the linked pathway for heavy chain
cleavage.

Examination of the P3-P3” sequences flanking the three scissile bonds in FVIII cleaved by
thrombin revealed that two of the P1 residues, Arg740 and Arg1689 are flanked by sequences
containing four out of six residues deemed optimal for thrombin cleavage, whereas the
sequence flanking Arg372 is optimal at only the P1 and P1” sites (22). Results in this study
showing that replacement of the sequence flanking Arg372 with those of Arg740 and Arg1689
yielded 10- and 3-fold increases in rates of cleavage at the P1 Arg. Thus enhancement in
rates of catalysis at this site is clearly influenced by sequence. A primary cause for this rate
enhancement is likely derived from the P2 Pro residue, which is a preferred residue at this
position (16). Since the P2-P2” sequences flanking Arg’40 and Arg'689 are identical, the rate
differences observed in comparing the two replacements reflect differences at the P3 and
P3’ positions. Studies using libraries of natural thrombin substrates have revealed little
influence of the P3 and P3” positions on catalysis (32). However, in the case of FVIII, the
P3 Glu and/or P3” Ser present in the Arg”40 sequence appear somewhat more preferred for
cleavage compared with the Ser and/or GIn in the Arg689 sequence as judged by the ~3-fold
difference in cleavage rates at the substituted Arg372 site.

Both of the Arg”40 and Arg689 sequences affected faster cleavage at Arg372 and yielded
faster activation kinetics, consistent with this site representing the apparent rate limiting step
in the activation mechanism (23). While replacement with the Arg’4? site was benign with
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respect to specific activity, replacement with the Arg1689 flanking sequence yielded a
marked (>80%) reduction in this parameter. The reason for this is not clear but may reflect
replacement of specific residues, specifically, the P3 Ser and/or P3” GlIn that inhibit FVIII
function. Examination of a Hemophilia A database (33) does not reveal any missense
mutations at either residue position 370 (P3) or 375 (P3") affecting phenotype.

Earlier studies from our laboratory examining thrombin-catalyzed cleavage and activation of
FVIII when individual P1 sites were rendered non-cleavable by replacement of the P1 Arg
with GIn showed mutation at one site had significant effects at unmodified P1 sites. For
example, rates of Al and A2 subunit generation were reduced ~8-10-fold using a FV1II
variant possessing an Arg1689GIn mutation (21). Furthermore, an Arg740GIn variant
showed an ~140-fold reduced rate of cleavage at Argl689 (30). Results from this study show
an ~2-fold reduction in the rate of cleavage at Arg689 when the Arg740GIn mutation is
coupled with the 372(P3-P3")740 mutation. The reason for this large disparity in relative
reaction rates may reflect the markedly faster cleavage rate at the Arg372 site in the latter
variant that in turn modulates the reaction at the light chain.

We have speculated that the apparent cleavage order of Arg740 > Arg1689 > Arg372 |eading
to procofactor activation represents a competition for active site docking to sites in the two
chains of the FVIII heterodimer with initial attack of the heavy chain at Arg’4? (followed by
subsequent cleavage at Arg372) representing the favored pathway over initial cleavage at
Arg1689 (21). Furthermore, the slow cleavage of Arg372 was thought to be a result of the
requirement to first cleave Arg’40, possibly requiring a ratcheting mechanism (17) to permit
subsequent active site docking. Interestingly, mutations that place optimal residues flanking
the Arg372 appear to obviate the need for initial cleavage at Arg’4? to facilitate Arg372
cleavage. We observed that either placing the non-optimal residues flanking Arg372 at
Arg’40 to slow cleavage at this site or replacing the P1 Arg”4? with GIn resulted in sustained
high rates of cleavage at Arg372 (~10-fold compared with WT) when this site was flanked
with the P3-P3” sequence from Arg740. This faster cleavage of Arg372 for these two variants
was confirmed following FVIII activation at low thrombin levels which yielded peak
activity values during a shorter time course than was observed for the WT protein. Taken
together, these results suggested that thrombin bound to FVIII may have access to all three
scissile bonds in the FVII1I substrate and catalysis at a given bond reflects in large part
docking preferences based upon S and P site interactions.

Sequences flanking scissile bonds and their complementary interaction with binding pocket
residues of the proteinase make marked contributions to catalytic rate values in a number of
coagulation proteinase systems. For example, exchanging the P2 and P3 binding pocket
residues of FXa and activated protein C switched the enzyme specificities for chromogenic
substrates and inhibitors (34). In another study, replacing the P2 and P3 residues of
prethrombin 2 (Asp-Gly) with those from FIXa (Leu-Thr) resulted in ~20- and ~40-fold
reductions in kg for FXa and prothrombinase, respectively (18). Additionally this study
also showed that Ky, values for prothrombin were essentially unaffected by this and other
residue replacements, consistent with dependence for substrate recognition and affinity on
exosite interactions.

This influence of P1 flanking sequences on the catalytic mechanism of thrombin activation
of FVIII appears to represent a common theme for cleavage of FVIII substrates by exosite-
driven enzymes. In an earlier study (19) examining the role of P4-P3” sequences flanking
the two scissile bonds in FVIII cleaved by activated protein C, we observed replacing the
faster-reacting site at Arg336 in the A1 domain with the slower reacting site at Arg®%2 in the
A2 domain resulted in as much as an ~100-fold rate reduction in cleavage at the P1 Arg336
in FVIlla, whereas the reciprocal swap accelerated cleavage at Arg°%2 in the procofactor by
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~25-fold. Inasmuch as little information is available regarding S4-S3” sites in this
proteinase, discrimination of optimal and non-optimal P residues could not be distinguished.

Overall, results from the current study provide insights into the mechanism of the specificity
of thrombin for the P1 sites of FVIII. Faster cleavage rates at Arg’4% and Arg1689 can be
attributed in part to more optimal residues in the P3-P3” region, while the relatively slower
cleavage rate at Arg3/2 can be accelerated by replacement with more optimal residues for
thrombin cleavage. Furthermore, this resultant acceleration appears to reflect the uncoupling
of the linkage between cleavage of the two scissile bonds in FVIII heavy chain. Thus, the
P3-P3 residues surrounding Arg’49, Arg1689 and Arg372 in FVIII impact rates of thrombin
proteolysis at each site and contribute to the mechanism for thrombin activation of the
procofactor.
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372 740 4 1689

Figure 1. Forms of B-domainless FVI111 Secreted from BHK cells

Secreted B-domainless FVI1I1 single chain (A) and heterodimer forms (B8). Thrombin
cleavage sites indicated by arrows and (%) represents a furin cleavage site. The B-domain in
B-domainless FVI1II represents a 14 amino acid remnant connecting the a2 and a3 acidic
regions.
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Figure 2. Thrombin Cleavage of the Single Swap P3-P3” FVIII mutants

WT and the 372(P3-P3")740 and 740(P3-P3")372 FVIII variants (100 nM) were reacted
with thrombin over a 25 min time course and samples were subjected to Western blotting
using C5, R8B12, and 2D2 monoclonal antibodies for detection of Al, A2 and A3-C1-C2
subunits, respectively, as described in “Experimental Procedures.” (A) Representative blots
for rates of Al subunit generation (Zgp) for reactions using 0.75 nM thrombin for WT and
740(P3-P3")372 and 0.075 nM thrombin for 372(P3-P3")740; (B) A2 subunit generation
(centen) using 0.75 nM thrombin for WT and 740(P3-P3")372 and 0.075 nM thrombin for
372(P3-P3")740; and (C) A3-C1-C2 subunit generation (bottom) using 0.13 nM thrombin
for WT and variants. SC refers to single chain and LC to light chain.

Biochemistry. Author manuscript; available in PMC 2013 April 24.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Newell-Caito et al.

A1 Subunit Generation

A2 Subunit Generation

A3-C1-C2 Subunit Generation

(nM/nM thrombin) (nM/nM thrombin)

(nM/nM thrombin)

1200

p—
S
=3
=]

800
600
400
200

60

50

40

30

20

10

Page 14

(0]

—
53
>

[
=}

'
>

(nM/nM thrombin)

A1 Subunit Generation

=}

0 10 20 30

Time (minutes)

10 15 20 25 30

Time (minutes)

=3

S
S

%
=

'
S

A2 Subunit Generation
(nM/nM thrombin)
=
S

[N
=)

e

0 10 20 30
Time (minutes)

2

1 1 1

10 15 20 25 30

Time (minutes)

6 8 10 12 14
Time (minutes)

Figure 3. Analysis of the Western Blots of the Single Swap P3-P3’ FVIII mutants

Panels A—C plot rates derived from densitometry scans of the blots in Figure 2 and for
Western blot data of 372(P3-P3")1689 (data not shown) for rates of generation of Al (A),
A2 (B) and A3-C1-C2 (O) subunits for WT (@), 372(P3-P3")740 (O), 372(P3-P3")1689
(A), and 740(P3-P3")372 (A) FVIII. Lines are drawn representing the initial time points of
the data fit to a single exponential equation using non-linear least squares regression as
described in “Experimental Procedures.” Experiments were performed at least three separate

times and average values are shown.
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Figure 4. Thrombin Cleavage of the Combination P3-P3” FVIII mutants

WT and the 372(P3-P3")740/R740Q and 372(P3-P3")740/740(P3-P3")372 FVIII variants
(100 nM) were reacted with thrombin and samples were subjected to Western blotting as
described in the legend to Figure 2. (A) Representative blots for rates of Al subunit
generation (Zop) for reactions using 0.75 nM thrombin for WT and 0.075 nM for the
variants; (B) A2 subunit generation (center) using 0.75 nM thrombin for WT and 0.075 nM
thrombin for the variants; and (C) A3-C1-C2 subunit generation (botfom) using 0.13 nM
thrombin for WT and variants. SC refers to single chain and LC to light chain.
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Figure 5. Analysis of the Western Blots of the Combination P3-P3” FVIII mutants

Panels A-C plot rates derived from densitometry scans of the blots in Figure 4 for rates of
generation of Al (A), A2 (B) and A3-C1-C2 (C) subunits for 372(P3-P3")740/R740Q (@)
and 372(P3-P3")740/740(P3-P3")372 (O) FVIII. Lines are drawn representing the initial
time points of the data fit to a single exponential equation using non-linear least squares
regression as described in “Experimental Procedures.” Experiments were performed at least
three separate times and average values are shown.
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Figure 6. Activation of WT and variant FVIII by thrombin

FXa generation assays were used to monitor rates of activation of WT and variant FVIII
(100 nM) by 5 nM and 0.5 nM thrombin as described in “Experimental Procedures.” Solid
lines represent WT () with 5 nM thrombin and WT (M) and the variants 372(P3-
P3")740/740(P3-P3")372 (@), 740(P3-P3")372 (O), 372(P3-P3")740 (A), 372(P3-P3")740/
R740Q (A), and 372(P3-P3")1689 (#) with 0.5 nM thrombin. All experiments were
performed at least three separate times and average values are shown.
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TABLE 1

Specific activity values and sequences of FVIII P3-P3' mutants

Factor VI 372(P3-P3)) Sequence®  740(P3-P3') Sequence®  1689(P3-P3') Sequence®  Spexific ActivityP
(residues 370-375) (residues 738-743) (residues 1687-1692)
WT QIR'SVA EPR'SFS SPRYSFQ 108@ 6
372(P3-P3")740 EPR'SFS 98+5
372(P3-P3')1689 SPR'SFQ 1442
372(P3-P3')740/R740Q EPR'SFS EPQ'SFS 384
372(P3-P3')740/740(P3-P3")372 EPR'SFS QIR'SVA 122+18
740(P3-P3')372 QIR'SVA 73+2

aSequences for the P3-P3' residues flanking ArgS72, Arg740, and Ar91689 are shown using single-letter amino acid code and specific mutations
are indicated in bold type. Arrows indicate the position of the scissile bond.

b, .. - -
Specific activity values are presented as a percentage + standard deviation of the WT value.
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TABLE 2
Rates A1, A2, and A3-C1-C2 subunit generation during WT and P3-P3” mutant FVI11 activation by thrombin

Factor VI A1l subunit generation® A2 subunit generation®  A3-C1-C2 subunit generation®

M AL mim™® (M 11a)1 nM A2 min™ (nM lla)1  nM A3-C1-C2 min™t (nM 1a)™

WT 63+0.9 21+1.1 199 + 29
372(P3-P3")740 652 + 42 236 + 25 121+7.1
372(P3-P3")1689 175+ 12 164 + 22 123+ 10
740(P3-P3")372 147 £ 22 168 + 16 124+ 16
372(P3-P3")740/R740Q 665 + 19 157+ 15 157 £ 13
372(P3-P3")740/740(P3-P3")372 576 +33 216 +22 99+74

a . . . . .

Al, A2, and A3-C1-C2 subunit generation rates by thrombin cleavage of WT and mutant FV1I1 were estimated by nonlinear least-squares
regression analysis of the data shown in Figures 2-5. The data represent the average + S.D. values of at least three separate experiments. Western
blot assays were performed and data analyzed as described under “Experimental Procedures.”
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