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Thrombin Activity Is Unaltered by N-Terminal Truncation of Factor XIII Activation
Peptide$
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ABSTRACT: In blood coagulation, thrombin helps to activate factor XllI by cleaving the activation peptide
at the R37-G38 peptide bond. The residues N-terminal to the scissile bond are important in determining
rates of hydrolysis. Solution studies of wild-type and mutant peptides of factor Xlll ARJZB8suggest
residues P~P; are most critical in substrate recognition. By contrast, the X-ray crystal structure of FXIII
AP (28—37) displays all of the residues;d™ P, interacting with the thrombin active site in a conformation
similar to that of fibrinogen & (7—16) [Sadasivan, C., and Yee, V. C. (20Q0Biol. Chem. 27536942~

36948]. Peptides were therefore synthesized with the N-terminalFg residues removed to further
characterize interactions of thrombin with factor XllI activation peptides. The truncations have no adverse
effects on thrombin’s ability to bind and to hydrolyze the shortened peptides. The wild-type FXIII AP
(33—41) V34 sequence actually exhibits a decread€.melative to the longer (2841) sequence whereas

the cardioprotective FXIII AP (3341) V34L exhibits a further increase kg relative to its longer parent
sequence. One-dimensional proton line broadening NMR and 2D transferred-NOESY studies indicate
that the shortened peptides maintain similar bound conformations as their FXIII ABT28ounterparts.
Furthermore, the distinctive NOE between the L34 and P36 side chains is preserved. Kinetic and NMR
studies thus reveal that the N-terminal portions of FXIII AP23) (V34 and V34L) are not necessary

for effective interaction with the thrombin active site surface. FXIII activation peptides bind to thrombin
in a manner more like PAR1 than fibrinogernA

In blood coagulation, the serine protease thromtin3) In human factor XIIl, V34L is a common polymorphism
cleaves specific ArgGly bonds within the N-terminal that has been associated with cardioprotective effects.
portion of theAa and BS chains of fibrinogen (&Bgy)., Thrombin activates FXIII V34L more readily than the wild-
thereby releasing fibrinopeptides A and B. Removal of these type FXIIl V34 (10—13). Furthermore, fibrin cross-linked
peptides leads to exposure of fibrin polymerization sites that by FXIII V34L can have a finer structure with thinner fibers
react to form an insoluble clo(4). Thrombin also helps  and smaller pores than fibrin cross-linked by FXII1 V34(
to activate the transglutaminase factor XIll (FXHIpy 13). The protective effects of FXIII V34L occur predomi-
cleaving the Arg3#Gly38 peptide bonds). This hydrolysis nately under high fibrin(ogen) conditions and have been
permits release of the FXIII activation peptide (FXIII AP) correlated with the formation of a more permeable fibrin
and eventual exposure of the catalytic site. The activated structure {4). Thrombin cleavage of FXIIl V34L results in
FXIII later catalyzes the formation of-glutamyl<-lysyl improvements in both,, and k., over the wild-type V34
covalent cross-links in the fibrin network and in fibfrin (10—12). These effects are seen both in vivo and in vitro
enzyme complexes. Thrombin activation of FXIII is signifi- (14). Similar trends are observed with synthetic peptide
cantly enhanced in the presence of fibri6+8). Fibrin | is models of the FXIII activation peptide segmeb).
proposed to bind to thrombin anion exosite | and assist in  |n addition to hydrolyzing peptides from blood coagulation
promoting interactions between the thrombin active site and proteins, thrombin also cleaves protease-activated receptors
the FXIII activation peptide segment. Studies have begun (PARs). Two key members of this family include PAR1 and
to map the exact sites of contact between thrombin and FXIIl PAR4. PARL1 is hydrolyzed by thrombin at the R4G42
(9). peptide bond and PAR4 at the R4@48 peptide bond. New

N-termini are created that serve as tethered ligands to help

T Funding for this project is supported by NIH Grant RO1 HL68440. to activate these receptors&-20).

* To whom correspondence should be addressed. Tel: 502-852-7008. A review of thrombin substrates indicates that the amino
o aiore FXin Dot motig. s i Ao aivaton 2148 Neerminal to the scissile bond make signifcant
peptide: Fbg A, peptide segment from tﬁe fibrinogenushain; PARL, contributions to binding and to rates of hydrolysis. Studies
protease-activated receptor 1; PAR4, protease-activated receptor 4; RPUSing small peptide models conclude that the optimal
HPLC, reversed-phase high-performance liquid chromatography; MALDI- sequence for thesRhrough R subsitedis F/VPR @1, 22).

TOF, matrix-assisted laser desorption ionization time of flidgh; Furthermore, thrombin substrates benefit from having hy-
Michaelis-Menten kinetic constank.,, catalytic constant or turnover ’

number; NMR, nuclear magnetic resonance; TOCSY, total correlation drophobic residues at the &d B positions that can promote
spectroscopy; NOESY, nuclear Overhauser effect spectroscopy. interactions with the enzyme active site region. A proline is
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structural feature has been observed by both X-ray and NMR
methods 81—-36).

X-ray crystallographic studies on the complex of wild-
Factor XIII AP V34 segment *TVELQGYVPRGVNL" type factor XIIl AP 28—37) with thrombin have generated
interesting results3). The N-terminus assumes a conforma-

Table 1: Sequences of Thrombin Substrates
P..... P P

9 greee I

41

Factor XIIL AP V34L scgment “TVELQGLVERGVNL tion much like that of Fbg & (7—16) whereas the C-
Factor XIII AP truncated V34 “GVVPRGVNL" terminus contains a proline that promotes a conformation

" " similar to that of PAR1. By contrast, 2D transferred-NOESY
Factor XIIT AP truncated V34L GLVPRGVNL data suggest that the N-terminus of the bound FXIIl AP<28
Fibrinogen Ac. chain segment "DFLAEGGGVRGPRV® 37) makes little, if any, contact with the enzyme surface in

- — solution and that the /2P, positions of FXIII AP (28-37)

Thrombin Receptor PAR1 segment “KATNATLDPRSFLL® dominate the thrombin-bound structuiry.

aThese human sequences were taken from the following sources: 10 address the differences observed between the X-ray
factor XIII (24), fibrinogen Ao chain @5), and thrombin receptor PAR1  crystal structures and the solution NMR studies, the N-
(26). termini of the FXIII AP-like sequences were truncated and
interactions with thrombin were examined. Peptides based

highly desirable at thesposition, and a hydrophobic residue ©n amino acids 3341 actually experience improvements
is preferred at thedposition @3). In addition to its nonpolar ~ in their kinetic properties relative to the longer (241)
character, the proline ensures backbone rigidity for the P~ segments. FXIII AP (3337) V34 exhibits a decrease i,

P, bond that aids in effective binding to the thrombin active Versus FXIII AP (28-41) V34, and FXIII AP (33-41) V34L
site 23). exhibits an enhancement ik versus its longer parent

Table 1 shows a series of peptide sequences based orseguence. One-dimensional proton line broadening NMR and
natural thrombin substrates. Factor XIIl AP V34, EXIll Ap 2D transferred-NOESY studies indicate that the shortened
V34L, and PAR1 each have a proline at the p’%sition. peptides maintain a similar bound conformation as the FXIlI
Fibrinogen A (Fbg A(l), by contrast, has a valine at this AP (28_37) peptldes K-inetiC and NMR studies thus reveal
position. FXIII AP V34 contains a valine at the Position  that the N-terminal portions of FXIIl AP (2832) V34 and
whereas FXIII AP V34L and PAR1 both contain a leucine V34L are nqt necessary for effective interaction with the
at this position. Kinetic and NMR studies have demonstrated thrombin active site surface.
that the extra methylene group of FXIII Leu34 allows this
P, residue to be closer to the Residue Pro36 in the enzyme- EXPERIMENTAL PROCEDURES

bound state Z7). As a result, the two amino acids can  gynthetic Peptide$eptides based on residues2d of
associate more effectively with the thrombin apolar site. This the human FXIIl activation peptide were synthesized by
beneficial R to P, interaction likely leads to the increased synpep (Dublin, CA). Peptides based on residues/33of
rate of activation of FXIIl L34 compared to FXIII V34. NMR  the human EXIlIl AP were synthesized by Giulia Isetti
and X-ray structures of the PARthrombin complex reveal  (university of Louisville, Louisville, KY). The amino acid
the same key interactions between therésidue Leu and  sequences of the peptides are as follows: FXIIl AP<28
the B residue Pro48, 29). PAR1 peptides that target the 41), Ac-TVELQGVVPRGVNL-amide; FXIIl AP (28-41)
thrombin active site, however, are not as good substrates as/341, Ac-TVELQGLVPRGVNL-amide; FXIII AP (33-41),
those of the FXIII AP segmentd%, 18, 27). Interactions Ac-GVVPRGVNL-amide; and FXIIl AP (33-41) V34L,
with thrombin anion exosite | are needed to overcome the pc-GLVPRGVNL-amide. The purity of the peptides was
difficulties associated with having an acidic residue at the gyalyated by analytical reversed-phase HPLC. Matrix-
Ps position ¢3LDPR*) (30). assisted laser desorption time-of-flight (MALDI-TOF) mea-
Peptides based on the fibrinogem Aequence can also  surements on an Applied Biosystems Voyager DE-Pro mass
effectively target the thrombin active site; however, amino spectrometer were used to verify the peptidevalues. The
acid positions that differ from those of FXIIl and PAR1 are concentrations of the peptides in solution were determined
employed. Fbg A contains within its BP-P; sequence by quantitative amino acid analysis (Molecular Analysis
(*®GGVR®) a Val at the R position and a Gly at thesP  Facility, University of lowa, lowa City, IA).
position. This sequence lacks an amino acid with a hydro-  Thrombin PreparationPlasma bovine citrate eluate (Sigma)
phobic side chain at the,Rosition and also lacks the five-  \yas dissolved in activation buffer (50 mM Tris, 150 mM
membered proline ring at the; Bosition. Furthermore, the  NaCl, 0.1% PEG, pH 7.4). The solution was desalted on an
sequence does not exhibit the desirable rigidity about the Amersham Pharmacia Biotech PD-10 column equilibrated
Ps—P, bond. To compensate for this nonoptimal sequence, with activation buffer. The thrombin solution was activated
the .(.jlstant Phe at thegPposition and _the Leu at thesP  py addition of CaGl and snake venomEghis carinatu}
position are brought back through a unigfisurn conforma-  incubated at 37C, and monitored for fibrinogen clotting
tion to occupy the Sspecificity pocket on thrombin. This  capability. The BCE/Ca/venom mixture was desalted on a
Sephadex G-25 column equilibrated with desalting column
2The P nomenclature system (.., Ps, P, Py, P, Py, ...) is used buffer (25 mM HPQ,, 100 mM NaCl, pH 6.5). The activated
to assign the individual amino acid positions on the substrate peptides.thrombin was purified on an Amersham Pharmacia Biotech

The R—P:' peptide bond becomes hydrolyzed by the enzyme. The AL . .
peptide amino acids to the left of the cleavage site are labelefsP Mono S cation-exchange column (HR10/10) using a linear

P,, etc. whereas as those to the right of the cleavage site are labeleddradient of G-1 M NaCl in 25 mM HPO;,, pH 6.5. The
P, Py, P, etc. pooled thrombin solution was concentrated by ultrafiltration
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with an Amicon 8010 ultrafiltration cell and a Diaflo YM10 NOEs that describe this bound state dominate the NOESY
ultrafiltration membrane and then aliquoted and frozen at spectrum 41, 42).

—70 °C for future use. The final concentration of thrombin Interactions between the peptide and the enzyme may also
was determined using the extinction coeffici&it' = 19.5  be monitored by 1D proton line broadening studies. Peptide
at 280 nm 88). protons that come into contact with the larger and more
For this project, bovine thrombin was used as the enzyme, slowly rotating enzyme surface experience changds that
and the synthetic substrate peptides were based on humagontribute to line broadening. In the presence of the new
sequences. Thrombin exhibits a high degree of sequencechemical environment, changes in proton chemical shift are
conservation between the bovine and human for8%.(  also possible. Together, these different effects lead to changes
There are no differences in the residues involving the active in line width and/or line shape that reflects the contributions

site, the thrombirng-insertion loop (also called the T4 of the bound conformation transferred to the free population
loop), or the allosteric Nabinding site. The minor differ- (41, 42).

ences that do exist are not anticipated to interfere with the  \vRr Sample Preparation and Analyshe approximately
interaction of the substrate peptides at the thrombin active 1.1 ratio of enzyme to peptide was maintained for each

S|te'sur'face 40). o complex studied. Sample preparation and analysis procedures
Kinetics Proc_edureThe_HPLC-based kinetic assay meth-  gimilar to those of Trumbo and Maurez) were employed.
ods were described previously by Trumbo and Mautéy.(  gelect features are summarized here. The peptides were
Briefly, a solution of peptide and assay buffer (50 MM-H  pyqrolyzed with excess thrombin and hydrolysis products
PO, 100 mM NaCl, 0.1% PEG, pH 7.4) was heated 10 25 ¢qjiected by RP-HPLC. The FXIII AP (3337) V34 NMR
°C in a heat block. Hydrolysis was started by the addition sample contained 1.5 mM hydrolyzed peptide and either 0
of bovine thrombin. The thrombin concentration for the . 150 4M bovine thrombin in a total volume of 400L.
hydrolysis reactions was 2.2 nM for the V34L peptides and The ExIIl AP (33-37) V34L NMR sample contained 1.5
33.6 nM for the V34 peptides. The peptide concentrations ,m hydrolyzed peptide and either 0 or 128/ bovine
for FXIII AP (28—41) and FXIIl AP (33-41) were 106- thrombin. The samples were buffered in 25 m\P@;, 150
1500uM whereas the peptide concentrations for FXIII AP\ NaCl, 0.2 mM EDTA, pH 5.6, and 10%0. All NMR
(28-41) V34L and FXIIl AP (33-41) V34L were 106-  experiments were performed on a Varian Inova 500 MHz
12_50pt|\/|. At regular intervals, an a_llquot of the rea_ct|on spectrometer equipped with a triple resonance probe and
mixture was removed and quenched in 12.5¢8@. Peptide e fieldz-axis gradients. Water was suppressed in the
peaks were separated by RP-HPLC using a Brownlee jp ang 2D transferred-NOESY experiments with the WET
Aquapore octyl RP-300 C8 cartridge column on a Waters ,se sequence and in the 2D total correlation spectroscopy
HPLC system. Thrombin concentration and kinetic time gyheriments (TOCSY) with presaturation. Two-dimensional
points were chosen such that less than 15% of the totali snsferred-NOESY experiments of the enzyrpeptide
peptide concentration was hydrolyzed within 30 min. complexes were run at 17C with 32 transients, 512,
Initial velocities (in micromolar per second) for the ncrements, mixing times of 400 ms, and a spectral width of

thrombin-catalyzed reactions were determined for each 5nog 1z, Spectra were processed using FELIX2000 software
peptide concentration from the slopes of product concentra—(AccekyS San Diego, CA) on a Silicon Graphics, O
tions versus time plots. The results reported rEpresentworkstati(')n. ’

averages for at least three independent experiments. Kinetic
values reported were calculated using nonlinear regressionRESULTS
analysis fit to the equation:
Hydrolysis of Substrate-like Peptides by Thromb#m
V=V,,/(1+K/S] HPLC assay was employed to monitor rates of hydrolysis
of a series of factor XlIl activation peptide segments by
using the Marquard{Le\/enberg a|gorithm in S|gma Plot thrombin. Accumulation of product over time was used in
(Jandel Scientific)Km, Viax andk.a were calculated from  the kinetic fit calculations. The product peptides FXIII AP
the coefficients of this equation. (28-37), FXIII AP (28-37) V34L, FXIIl AP (33-37), and
One-Dimensional Proton Line Broadening and Two- FXIII AP (33—37) V34L all eluted from the Brownlee
Dimensional Transferred-NOESY NMFhese NMR meth- ~ Aquapore C8 column as distinct peaks from the parent
ods were used to probe the structural features adopted bysubstrates (2841) and (33-41), and their identities were
each FXIII activation peptide-like substrate when bound to Verified by MALDI-TOF mass spectrometry.
thrombin. When free in solution, peptides of less than 15 Kinetic Evaluation of Thrombin Hydrolysis of Factor XIlI
amino acids in length tumble rapidly and, generally, have Activation PeptidesNonlinear regression analysis values for
little secondary structurevt. approaches 1, giving a sharp K, Keay andkeo/Kn, are shown in Table 2. The experimentally
1D proton spectrum and a transferred-NOESY spectrum with determined RP-HPLC kinetic parameters for the FXIII AP
few NOEs. When bound to the surface of an enzyme, the (28—41) V34 peptide ar&,, = 644 £ 114 uM, keat = 6.2
same peptide can gain secondary structural features. A+ 0.03 s?, andkqa/Km = 0.0096+ 0.002uM* s71. The
macromolecular complex with an increased. is created parameters determined for the FXIII AP (281) V34L
and promotes the appearance of large negative NOEs thamutant areK, = 3754 70 uM, kear= 15.24 0.02 s'%, and
describe the bound state of the peptide. In a complex, wherek../Kn = 0.042+ 0.003uM ! s71. The kinetic parameters
the peptide is in molar excess of the enzyme andhéor determined for FXIIl AP (33-41) V34 peptide ar&,, =
the peptide is fast, information about this bound state is 386+ 42 uM, kear= 5.8+ 0.02 s, andkeafKm = 0.015+
carried with the peptide as it rejoins the free population. 0.0008uM~! s 1. The parameters determined for the FXIIl
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Table 2: Kinetic Constants for the Hydrolysis of FXIII AP Figure 2 illustrates th_e 1D prOton_ spgctra for FXIII AP
Arg®’—Gly®® Bonds by Thrombif (33—37) V34L. Greater line broadening is observed for the
e FXII AP (33—37) V34L peptide in the presence of thrombin,
substrate peptide K (M) Kear(S7Y) (M) indicating that this peptide has more extensive contact with
EXIIAP (28—41)WT 644+ 114 6.2+ 0.03 0.0096E 0.002 Fhe enzyme surface. The resonance of theeBidue Leu34
FXIIl AP (28-41) V34L 375£70 15.240.02 0.042% 0.003 is broadened beyond that of the iesidue Val34.
FXIIIAP (33—41) WT = 386+42  5.8+0.02 0.015k0.0008 Two-Dimensional Transferred Nuclear@rhauser Effect

FXINAP (33-41) V34l 327444 24.3+005 0.074+0.0099 NMR. The thrombin-peptide complexes likely exhibit fast
aKinetic constants for the thrombin-catalyzed hydrolysis of peptides exchange conditions based on the following observations.

based on the FXIII activation peptide segments were determined from . - .

an HPLC assay as described in the Experimental Procedures. The resultg— he Ko Valugs fpr hyd.rOIySIS of the pepudes are in agreement

shown here represent the averages of at least three independentVith weak bmdmg. Line broadening is observed at redgced

experiments. Kinetic values reported were calculated using nonlinear temperatures in the 184 NMR spectra, and large negative

regression analysis methods. The error values correspond to the standarM|OEs are observed in the transferred-NOESY spectra. There

error of the mean (SEM). is an increase in the number of NOEs that arise for each
peptide in the presence of thrombin. No distorted peaks
AP (33-41) V34L mutant aréK, = 327 + 44 uM, Kear = representing free and bound states are observed for either

24.3+ 0.05 s?, andkeafKm = 0.074+ 0.0099uM 1 s, peptide as reported by Ni et al36) for the improved

The kinetic parameters for the FXIII AP (2&1) v34L  thrombin substrate, Fbg ¢ (7—16) V15P. The NOEs
peptide demonstrate a 1.7-fold improvemeriinvalue and observed for these truncated FXIIlI AP-like substrates cor-

a 2.5-fold improvement ik value over the FXIII AP (28 respond to through-space interactions between protons which
41) V34 peptide. Comparing the long and short V34- are less tha5 A apart.

containing peptides, there is a 1.7-fold decreas&for Information about the solution conformation of thrombin-
the FXIII AP (33—-41) V34 peptide over the FXIII AP (28 bound FXIII AP segments can be deduced from transferred
41) V34 peptide, as well as a slight decreask.ip Overall, NOE cross-peaks. Figure 3A exhibits key NOEs observed

there is a 1.6-fold improvement ik../Kn values for the previously @7) for FXIII AP (28—37), and Figure 3B
shorter FXIII AP (33-41) peptide relative to FXIII AP (28 exhibits the corresponding portion of the spectrum for the
41). These kinetic results indicate that truncation of the truncated FXIII AP (33-37). Following the same style of
N-terminal portion of the V34 sequence modestly enhancespresentation, Figure 4A exhibits key NOEs observed previ-
this peptide’s ability to bind to thrombin and does not hinder ously 27) for FXIlI AP (28—37) V34L, and Figure 4B

its cleavage. Kinetic comparisons of the FXIII AP (331) exhibits the corresponding portion of the spectrum for the
V34L and FXIII AP (28-41) V34L results reveal no truncated FXIII AP (33-37) V34L.
significant change ik, for the two mutant peptides. There In Figures 3B and 4B note that each truncated peptide

is, however, a 1.6-fold improvement kg, which together  experiences side-chain to side-chain interactions between
with the K, value leads to a 1.8-fold .|mprovement in the V35y and P36 ¢ and/ord’) protons. These nearest-neighbor
kealKm value for the truncated peptide over the longer NOEs were also recorded in the spectra of the longer FXIII
sequence. Removal of the N-terminal portion of the V34L- Ap (28-37) peptides. Both the long and the truncated V34L
containing peptide allows for more specific interactions with peptides display an additional NOE between & 3d P36
thrombin and faster turnover into produ_ct. The v_vil_d-type V34 (Figure 4) that does not appear in the spectra of the V34-
and mutant V34L FXIIl AP (33-41) peptides exhibitroughly  containing peptides (Figure 3). No through-space interactions
equivalentr, values within experimental error. By contrast, gre recorded at all between the V34 side chain and the P36
the FXIII AP (33-41) V34L peptide shows a 4-fold jng protons. Further structural information is obtained from
improvement irkear over both the truncated wild-type FXIIl - the opservation that the two truncated FXIII AP-like peptides
AP (33-37) and its longer parent peptide. With this contain NOEs between V85and P36/9' (data not shown).
improvement irkea, the FXIII AP (33-41) V34L peptide is  gych through-space interactions are consistent with the

the best thrombin substrate of the studied series presence of a trans conformation about thePfo bond of
One-Dimensional Line Broadening NMR for Wild-Type the peptides. The remaining NOEs seen for the peptides were
and Mutant V34L FXIII Actiation Peptide Segment®ne- either intraresidue or the anticipated nearest neighbor inter-

dimensional'H NMR spectra were acquired for each residue interactions. Removal of the N-terminus of FXIII
hydrolyzed FXIII AP-like peptide both free in solution and AP (28-37) did not compromise the ability of FXIII
complexed with thrombin. Line broadening is observed for activation peptide segments to interact with thrombin.
each of the peptides in complex with thrombin, indicating

significant contact with the enzyme surface. A comparison p|scuUssION

of the spectra for the peptides free in solution and in complex

with thrombin reveals no significant changes in chemical  The X-ray crystal structures of thrombin-bound peptides
shift for peptide protons upon binding to the enzyme. based on Fbg A, the FXIII activation peptide, and PAR1
Figure 1 highlights fingerprint and aliphatic regions of the are displayed in Figure 5 along with key residues from the
1D proton spectra for FXIII AP (3337) V34. Figure 1A is enzyme active site region. The crystal structure of the bound
free peptide and Figure 1B is the peptitenzyme complex.  FXIIl AP (28—37) V34 depicts the f8—P; residues 37) in
Line broadening is apparent for residues-P;, with the a p-turn conformation much like that of the thrombin
most dramatic effects being seen farBsidue Arg37 which  substrate fibrinogen & (7—16) (35). Solution NMR data,
sits within the active site cleft of thrombin. by contrast, suggest a FXIII AP (287) structure in which
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R37C5H

A FXIIAP(33-37)V34 g g g

;
2

P365'CH
R37CSH

iy |

64 82 80 7.8 16 1.4 1.2
ppm

44 4.2 40 38 3.6 34 32
Ppm

Ficure 1: Line broadening in 1D proton NMR spectra for factor XIIl AP (337) V34 in the presence of thrombin. (A) Spectrum for 1.5
mM peptide in solution. (B) Spectrum for 1.5 mM peptide in the presence oudbehrombin. All NMR samples are in 25 mM R0y,

150 mM NaCl, 20tM EDTA, and 10% DO, pH 5.6 (NMR buffer). The protons that are labeled in the figure make extensive contact with
thrombin in the bound state and emphasize theR® positions.

A

g FXIIAP (33-37)V34L
BB :
: §1 %

FXIIIAP (33-37)V34L with Thrombin

’ :

: g

a.2 a.0 7.8 7.6 7.4 7. 4.4 4.2 4.0 3.2
PPm

Ficure 2: Line broadening in 1D proton NMR spectra for factor XIll AP (337) V34L in the presence of thrombin. (A) Spectrum for

1.5 mM peptide in solution. (B) Spectrum for 1.5 mM peptide in the presence of 0.126 mM thrombin. The experimental conditions are the
same as in Figure 1. More proton line broadening is observed for the mutant V34L peptide than is observed for the wild-type V34 sequence.
In agreement with kinetic results, the mutant peptide interacts more effectively with the thrombin surface.

the binding interactions are focused on the-P; residues Analysis of Kinetic Resultd he beneficial effect of the
(27). This focus is even more apparent with peptides basedFXIIl V34L substitution on thrombin hydrolysis of FXIII
on the cardioprotective FXIIl V34L polymorphism. The AP (28-41) was confirmed in the current study5j. The
conformational features fourd solutionfor FXIII activation enhancement ik, and, more importantly, the augmentation
peptides are thus perhaps more similar to those of a PAR1-in k.4 indicate that thrombin binds more readily and cleaves
like peptide. See Figure 5C. The current study addresses thanore efficiently an activation peptide with a leucine at the
structural differences between the X-ray and solution NMR P, position. The role that the N-terminal portion of FXIII
data by using truncated versions of FXIII activation peptides. AP (28-41) plays in promoting the bound conformation and
Results reveal that, unlike Fbg oA (7—16), the FXIII in regulating rates of hydrolysis, however, was not known.
activation peptide N-terminus {§#-Ps) is not critical for The N-terminal segment (282) was therefore removed,
interaction with thrombin. and peptides based on FXIIl AP (331) were examined.
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A ~ L343-P365
= === _3 A = -
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x 8 P36yy-P365 P36ipy’-P365' 2"
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3.96 3.92 3.88 3.84 3.80 3.76 3.72 3.68 3.64 DI_HI (ppm)
DI_HI (ppm)
L345-P365 =
B V35y-P368' A B V36 V3Sy-P36s |
A - - ':'f:.t
g - o3
A
: ' ° 8 P36yy:P365' [
P36y'-P365 P36y-P365' - % o
== = == : -2
fax S <§= _ - hed 4 - : ,-: - -2
Moo 3.96 3.92 3.88 3.84 3.80 3.76 3.72 3.68 3.64
DI_Hl (ppm)

3.96 3.92 3.88 3.84 3.80 3.76 3.72 3.68 3.64 . . o .
DI_HI (ppm) FicurRe 4: Comparison of aliphatiealiphatic NOEs from 2D

. . o ) transferred-NOESY of V34L containing peptides. (A) 1.5 mM FXIII
Ficure 3: Comparison of aliphatiealiphatic NOEs from 2D Ap (28-37) V34L in the presence of 0.15 mM thrombii7j. (B)
transferred-NOESY of V34-containing peptides. (A) 1.5 mM FXIll 1.5 mM FXIIl AP (33—37) V34L in the presence of 0.126 mM
AP (28-37) V34 in the presence of 0.15 mM thromb@i7}. (B) thrombin. The critical L36—P36 interaction is maintained with

1.5 mM EXIII AP (33-37) V34 in the presence of 0.15 MM  the truncated peptide. The N-terminal residues-28 are not
thrombin. Both peptides exhibit through-space interactions between needed to promote this structural feature.

the end of the V35 side chain and the P@rotons. No long-

range NOEs are seen with either peptide for V34. Furthermore, in . : . :
FXIIl AP (28—37) V34, no long-range NOEs have been observed qbgerved with Fbg Afl'ke segmen'gs. For this _c_haln of
involving V29. fibrinogen, the N-terminal B8—Ps residues are critical for

thrombin recognition, binding, and cleavage. Kinetic results

For the wild-type V34 sequence, truncation leads to an on thrombin hydrolysis of fibrinogen and fibrinogen-like
improvement inK,, and little change irk relative to the ~ peptides 81, 43, 44) report direct involvement of the Phe at
longer (28-41) segment. Loss of the N-terminal segment the R position. Marsh et al.43) carried out studies with
of the activation peptide thus enhances binding to thrombin. two peptide segments of the fibrinogeha chain: Ac-
FXIIl AP (28—41) V34 appears to receive no added benefit FLAEGGGVRGP-NHCH (defined as the F6 peptide) and
from the N-terminus; in fact, it may actually hinder the ability AC-LAEGGGVRGP-NHCH (defined as the F7 peptide).
of the peptide to interact with the thrombin surface. By The F7 peptide was a poor substrate, and even in the presence
contrast, little change ik, occurs for the truncated V34L  of excess thrombin, the kinetic properties of this peptide
peptide segment versus the longer FXIII AP {28L) V34L could not be determined. Attempts to further shorten the
segment, but there is further enhancement ofktheralue. peptide and/or extend it in the C-terminal direction also were
Once again, the N-terminal portion is not a required substrateineffective. Only when the Phe residue was added to the P
feature. When comparing the two truncated peptides, FXIIl position did the Fbg A-like peptide become a viable
AP (33-41) V34 and FXIIl AP (33-41) V34L, it is substrate for thrombir4Q).
interesting to note that they exhibit such similkgf values. More recent studiesAf) have demonstrated that the Phe
The FXIII AP (33-41) V34L peptide, however, remains the at the R position cannot be replaced with the aromatic
superior substrate due to a better than 4-fold improvementresidue Tyr. Kinetic studies indicate that thrombin has great
in keq: relative to the truncated wild-type sequence. Of the difficulty in hydrolyzing Fbg Ax F8Y and is completely
different peptides examined in this study, the truncated FXIIl unable to hydrolyze the peptide FogrA1—23) F8Y. The
AP (33—-41) V34L is the best substrate for thrombin. X-ray crystal structure46) of this Fbg Ao-like peptide in

The kinetic results obtained with FXIII AP (281) and complex with thrombin reveals a large shift in the carbonyl
FXII AP (33—41) are in sharp contrast to what has been oxygen of Tyr8 relative to Phe8 that distorts the geometry
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A B

Tyr 60A
Leu 99 ‘-L Trp 60D
P9 P9
Ser 195
Trp 215 P4 P4
‘&(\ Asp 189

Ficure 5: Comparison of the X-ray crystal structures of three substrate-like peptides bound to the active site region of thrombin: (A)
fibrinogen Ao (7—16) in blue, PDB 1BBR 5); (B) FXIII AP (28—37) in green, PDB 1FIEJ7); and (C) PAR1 (3841) in red, PDB

INRS Q9). Selected thrombin residues are displayed in black. FibrinogerisAighly dependent on the Phe8 at thep®sition. PAR1
focuses on the fthrough R positions to bind effectively to thrombin. The X-ray crystal structure of bound FXIII AP-@B exhibits
features similar to both of these substrates.

of the peptide at the catalytic site, resulting in a poor substrateVV34. This increased broadening provides a structural basis
for thrombin. By contrast, the wild-type segment of Fbg A for the improved kinetics of the L34 peptides (see Figures 1
(7—16) utilizes the Phe8 at thegosition as part of a  and 2). As seen in other FXIIl AP segments, the V35 side
hydrophobic cluster that optimizes interactions with the chain at position P makes less contact with the enzyme
thrombin active site surfac8{—36, 43). This Phe partici- surface as line broadening is not as extensive for this amino
pates in beneficiat—m stacking interactions with thrombin  acid residue (data not shown and r2% 47, and48). X-ray
Trp215. See Figure 5A for the X-ray crystal structure of this crystallographic studies indicate that thg &mino acid
thrombin-bound peptide3p). residue of thrombin substrates is often directed away from

Our own efforts to create a FXIIl AP analogue to Fbg the active site Z9).
Aa (7—20) in which the BVal was mutated to Phe did result Transferred-NOESY spectra of the truncated peptides
in an improved thrombin substrate relative to FXIII AP {28  provide valuable information about the bound conformation
41) V34 (7). However, the peptide did not exhibit kinetics  of these peptides. Previously reported 2D transferred-NOESY
as effective as Fbg & (7—20). It is likely that the FXIII studies with the FXIII AP (28-41) V34 and V34L peptides
AP (28-41) V29F sequence experiences some steric issuesindicated no long-range NOEs were visible from the N-
that Fbg Ax (7—20) can overcome with its three Gly residues terminal Ro—Ps residues toward the,PP; residues 27).
(**GGGH). These small amino acids at positions-Ps could Such results suggest that the N-terminal segment is positioned
promote the greater flexibility needed to makg-gurn, an greater tha 5 A from the C-terminal P-P; residues. If the
important structural feature of FogoA7—20). The residues  N-terminal segment plays a critical role in defining the bound
N-terminal to the Arg37Gly38 bond of the FXIIl activation  conformation, a deletion would likely have a major effect
peptide $3GVV*) are bulkier than the three Gly residues on the structural features of the truncated activation peptides
and do not allow the peptide as much elasticity to firmly in the presence of thrombin. The residues anticipated to be
place the Phe at they;Residue in an optimal position to  most affected by such a change would be them residues.
increase thrombin hydrolysis. This sort of structural disruption, however, is not observed.

The kinetic results presented here indicate that removal Characteristic NOEs involving V35-P36 ¢ and/oro')
of the FXIII AP N-terminus has no adverse effects on (Figures 3 and 4) and V85-P36 (data not shown) continue
thrombin’s ability to bind and hydrolyze the shortened to be seen in the truncated peptides. As with the longer FXIII
peptides. The truncations actually have beneficial effects. Theaop (28-37) series, the V38 andy protons of the truncated
wild-type FXIII AP (33-41) V34 sequence exhibits a peptides are oriented in proximity to the FB36ng proton.

decrease irK,, relative to the longer (2841) sequence
whereas the mutant FXIII AP (3341) V34L sequence
exhibits a further increase il relative to its longer

Furthermore, the V35P36 peptide bond is in the trans
conformation. For both of the V34-containing peptides, FXIII
AP (33-37) and FXIIl AP (28-41), no NOEs are visible

sequence. Solution NMR studies reveal the structural featuresrom the V34 to the P36. It is likely that the side chain of
that these truncated peptides maintain to continue as effectivey34 is too short to influence the relaxation properties of P36.
substrates for thrombin. By contrast, L34 with its extra methylene group is able to
Examining Structural Features Assumed by FXIIl AP33  generate NOEs between L34nd P36 (Figure 4). This
37) When in Complex with Thrombimhe FXIII AP (28— characteristic NOE is maintained in both the long and the
37) peptides encompass theyPP; residues whereas the truncated FXIII AP L34 segments. There are no visible NOEs
FXII AP (33—37) peptides include only the;PP; residues. between the R37 side chain and P36 for all of the peptides,
Both the V34 and the L34 truncated peptides exhibit indicating the arginine side chain is positioned firmly within
significant line broadening, indicating considerable contact the active site cleft of thrombin. The remaining intra- and
with the enzyme surface. With these truncated peptides, moreinterresidue NOEs observed for both truncated peptides are
extensive aliphatic proton line broadening continues to be quite comparable. As a result, the solution conformations of
observed for the L34-containing peptide relative to that of the thrombin-bound FXIII AP (3337) V34 and L34
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peptides are expected to be very similar. The extra-+34 transferred-NOESY 28) and X-ray crystal studies2)
P36 interactions should promote more effective contact with indicate that the critical Pto P, interactions between Leu
the apolar binding region of the thrombin active site. and Pro exist for the PAR1 peptide in the presence of

Correlating the Kinetic and Structural Results for the FXIIl  thrombin. The PAR1 L38 is positioned within the apolar
AP (33-37) Segments with Other Thrombin Substrates. binding site, and its side chain is directed toward thrombin
Sadasivan and Yee published X-ray crystal structures of theL99. See Figure 5C. The PAR1 L38 is oriented to interact
peptide FXIII AP (28-37) bound to thrombin37). Two with PAR1 P40 that is situated beneath the thrombin Trp
different complexes were observed within the unit cell 60D insertion loop.

including PEP1 bound to the thrombin MOL1 and PEP2  On the basis of our kinetic and NMR results, we continue
bound to MOL2. PEP1 depicts the FXIII AP (287) to propose that the FXIIl AP segments assume conformations
interacting with thrombin in a manner very similar to that more similar to those of PAR1 than fibrinogemAThe need

of Fbg Ao (7—16). See Figure 5A,B. Both X-ray and for ap-turn conformation is very likely unique to fibrinogen
solution NMR studies have described the bound structure Aq due to its nonoptimal P-P; residues. Fbg & F8 plays

of the Ao peptide as having #-turn conformation that 3 key role in establishing a productive conformation and
promotes formation of a hydrophobic cluster involving Fbg  penefits greatly from thrombin W215 in the aryl binding site.
Ao F8, L9, G13, and V1532-36). The PEP1 structure for  pj Cera and co-workers have demonstrated that when this
FXIIl AP (28—37) V34 exhibits a similap-turn conforma-  tryptophan is converted to an alanine (W215A), thrombin’s
tion with interproton distances from the V29 side chain to apijlity to hydrolyze fibrinogen A is severely compromised
V35 and P36 that should give rise to NOEs. These long- (49, 50). PAR1, which does not rely so heavily on the aryl
range distances, however, are not seen in the solution NMRpjinding site, remains a viable thrombin substrate. In solution,
studies reported by Trumbo and Maur&r) for FXIII AP the side chain of FXIIl L34, and perhaps also V34, is
(28-37) V34 segments. The X-ray crystal structure of PEP2 predicted to be oriented more toward the apolar binding site

(37) displays the same type of turn, but the interproton than to the aryl binding site. Such an arrangement would
distances from V29 to residues V35 and P36 are less likely promote the beneficial L34 to P36 interactions.

to give rise to NOEs. Sadasivan and Yee were clearl i
. y able to capture wild-type
The structural differences between PEP1 and PEP2 cangy aAp (28—37) V34 in af-turn conformation similar to

be.ma_pped t(.) diffgrences in interaction of the FXIll that adopted by Fbg & (7—16). Results from solution
activation peptide with the thrombin molecules MOL1 and studies, however, suggest that the N-terminaHPs residues

MOL2. Both PEP2 and MOL2 have significantly larger of FXIIl AP (28—37) are not necessary for substrate
values, correlated with a greater degree of disorder, thanrecognition by thrombin. By contrast, fibrinogenaA7—

PEP1 and MOL137). The N-terminal portion of PEP2 is 16) must ado ; e
. pt a turn conformation that is highly dependent
most affected. On the basis of 2D transferred-NOESY data upon Phe8 at thedosition to serve as a viable substrate to

and the X-ray crystal results, we have propos&q) thatif — yhompin. It is possible that wild-type FXIII AP (37),

a f-turn conformation exists for the _W|Id—type '.:XI“ AP containing a much longer N-terminal segment, has a greater
segment, the prpton_s involved are elth'er too distant fr_om propensity to assume thturn character. We propose that
.Onﬁ another to give rise to NOEs or the tighter conformation ;g conformational feature is less likely to be a governing
IS eet'”g In nature. . element than the ~-P; residues. Kinetic and solution NMR
Sadasivan and Yee also present preliminary structural datag; , jies suggest that FXIIl activation peptides bind to

on FXIII AP (28—-37) V34L bound to thrombin. X-ray crystal  ,5mpin in a manner more like PAR1 rather than fibrinogen
and modeling studies indicate that the L34 substitution leads

to a different peptide conformation (coordinates not released)

(37). These results suggest that fheéurn conformation is  ACKNOWLEDGMENT
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