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ABSTRACT. The solvent accessibility of thrombin in its substrate-free and substrate-bound forms has been
compared by amide hydrogen/deuterium )/ exchange. The optimized inhibitor peptid®he-Pro-

Arg chloromethyl ketone (PPACK) was used to simulate the substrate-bound form of thrombin. These
studies were motivated by the lack of observed changes in the active site of thrombin in the crystal structure
of the thrombin-thrombomodulin complex. This result appeared to contradict amide exchange studies
on the thrombir-thrombomodulin complex that suggested subtle changes occur in the active site loops
upon thrombomodulin binding. Our results show that two active site loops, residue®224nd residues
126-132, undergo decreases in solvent accessibility due to steric contacts with PPACK substrate. However,
we also observe two regions outside the active site undergoing solvent protection upon substrate binding.
The first region corresponds to anion binding exosite 1, and the secong@-&rand-containing loop

which runs through the core of the molecule and contains Trp141 which makes critical contacts with
anion binding exosite 1. These results indicate two pathways of allosteric change that connect the active
site to the distal anion binding exosite 1.

Thrombin is a multifunctional serine protease that plays a thrombin is enhanced 20000-fold upon binding of TM and
central role in regulating the blood clotting cascade. Like calcium ions 2, 3). Protein C activation leads to the
many of the other coagulation factors, a zymogen form of degradation of activated factors V and VIII and results in
the protein exists as a mechanism of regulation required for the shut down of the coagulation cascadle The switch in
normal hemostasis. The plasma concentration of prothrombinspecificity of thrombin is a key component of natural
is estimated at 1.2M, but the plasma concentration of active hemostasis as unchecked procoagulation results in massive
thrombin does not exceed 0:66.09uM (1). Thrombin plays thrombi formation §).
both procoagulant and anticoagulant roles in the blood Thrombin has evolved to have high specificity for its
clotting cascade. When the clotting cascade is triggered, substrates. Aspartate 235 (D18¢ at the bottom of the S1
factor Xa must cleave prothrombin at two sites to result in site allows for substrate specificity of arginine and lysine
the activeo-thrombin protease. As an active protease its residues at the P1 sit®)( In general, thrombin prefers a
procoagulant function is to initiate the final step of the blood hydrophobic residue, at the P2 site (Table ¥).(The
clotting cascade, cleavage of fibrinogen. Thrombin converts specificity of thrombin is also increased by the presence of
the soluble fibrinogen protein into an insoluble fibrin extra insertion loops which restrict access into the active site.
aggregate by cleaving the amino-terminal ends of the A A substrate must be able to fit and interact with both of the
and B3 chains of fibrinogen which can then undergo active site insertion loops including residues—&P (the
polymerization and culminate in fibrin clot formation. 60sr insertion loop) and the loop containing Leul32
Thrombin further amplifies procoagulant activity by also (Leu9%r) (8—10).
catalyzing activation of blood factors V, VII, VIII, and IX. A number of studies have tried to address not only the

The procoagulation activities af-thrombin are quickly ~ €lements that confer substrate specificity but the elements
diminished either as a result of capture by the endothially Which switch specificity from procoagulant to anticoagulant.
bound protein, thrombomodulin (TM)or as a result of ~ Crystal structures have helped to map contact regions
inhibition by antithrombin I11. TM binding alters the substrate between thrombin and TM, hirudin, fibrinopeptides, and
specificity of thrombin from fibrinogen to protein C, initiating ~ Small active site inhibitors such ag>he-Pro-Arg chloro-
anticoagulant function. The rate of protein C activation by

2 Thrombin residues are conventionally numbered according to an

T This work was supported by NIH Grant RO1-HL070999. alignment with chymotrypsin, and this convention results in loop
* To whom correspondence should be addressed. Phone: (858) 534+esidues carrying numbers such as 60A, 60B, etc. This convention is
3058. Fax: (858) 534-6174. E-mail: ekomives@ucsd.edu. confusing with amide exchange data since information is lost regarding

! Abbreviations: ABEL, anion binding exosite 1; TM, thrombo- the length of the peptide fragment in which amide exchange is being
modulin; EGF, epidermal growth factor; TMEGF456, the fragment of measured. We therefore will give all thrombin residue information as
TM containing the fourth, fifth, and sixth EGF-like domains; TFA, sequential numbers first, followed, in parentheses, by the chymotrypsin
trifluoroacetic acid. convention numbers subscripted with CT to denote which are which.
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Table 1: Amino Acid Alignment for Naturally Occurring Substrates of Throrfibin

substrate P9 P8 P7 P6 P5 P4 P3 P2 P1 'P1 P2 P3 P4
PPACK pPhe Pro Arg
fibrinogen
human (Ax) Phe Leu Ala Glu Gly Gly Gly Val Arg Gly Pro Arg Val
bovine (Ax) Phe Leu Thr Glu Gly Gly Gly Val Arg Gly Pro Arg Val
human (B) Asn Glu Glu Gly Phe Phe Ser Ala Arg Gly His Arg Pro
antithrombin 111
human Ser Thr Ala Val Val lle Ala Gly Arg Ser Leu Asn Pro
bovine Arg Ser Leu Asn Ser
protein C
human Asp GIn Glu Asp GIn Val Asp Pro Arg Leu lle Asp Gly
bovine Asp GIn Lys Asp GIn Leu Asp Pro Arg lle Val Asp Gly

aSequences were obtained from searching the gene databank at NCBI and from the CRC publication edited by MatHdwateotes the
number of positions the residue precedes the Arg cleavage residue PHer@tes the number of positions the residue comes after the Arg
cleavage residue.

methyl ketone (PPACK)8—12). Mutagenesis experiments MATERIALS AND METHODS
have aided the assignment of the roles of certain residues in , ) , . )
binding versus catalysig(13—16). Arg217 (Arg173) was _Protems.Bovme thrombin was _punﬂed from a barl_um
studied in an alanine scan. This residue interacts with the ¢itrate eluate (prepared from bovine plasma) according to
fibrinopeptide and shows hydrogen bond contacts in the Préviously published method&4). The eluate powder was
crystal structure but turns out to have minimal contribution 'edissolved overnight in 200 mL of 100 mM EDTA, 150
t0 K (7, 8). Trp263 (Trp215y) and Glu265 (Glu21#) have mM Na_CI, and 10 mM sodium citrate, containing 11.8 g of
been shown to be important for procoagulant activity, and @mMmonium sulfate and 0.03 g of benzamidine. The super-
double mutation of these residues reduces the clotting rateN@@nt from a 35% ammonium sulfate cut was brought to
by 20000-fold. These residues interact with the phenyl group /0% @mmonium sulfate, and the pellet, containing prothrom-
at the P9 position of the fibrinogen substrate, and therefore, PIN, was collected. After resuspension in 25 mL of 25 mM
mutation of these residues has no effect on protein C since!"S: PH 7.5, and 100 mM NaCl, the prothrombin was
there is no aromatic residue in an equivalent position. desalted on a Sephadex G-25 gel filtration column (2.5
Residues 177190 (W1412T_K154CT) are called the au- 100 Cm) and activated with 2.0 mg/mEChls carlnatus_
tolysis loop because proteolytic cleavage within this loop Y€NoM, 10 mM CagGJ and 1 mg/mL PEG-8000 for 60 min
compromises protein C activation and fibrinogen cleavage &t 37 °C. After buffer exchange on a second G-25 column,
but has no affect on TM binding. Finally, mutations in other the fraction containing active thrombin was Ioad<_ad onto a
surface loops such as Arg233 (Arg@7 Glu265 (Glu21zy), MonoS EPLC column, 16/10 (Amers'ham—Pharmaua), equili-
Cys267 (C218,), and Arg269-Lys272 (Arg 22k1—Lys brated with buffer A (25 mM potassium phosph_ate, pH 6.5,
224-7) elicit an overall anticoagulant effect by lowerikg 100 mM NaCl). The thrombin was eluted with a NaCl
toward fibrinogen without effecting thie for protein C , gradient to 500 mM NaCl over 1 ha-Thrombin was
17). Thus, thrombin recognizes its multiple substrates by also [dentified by fibrinogen clotting assay, and the protein
using amino acids at remote sites on the protein surface. Cconcentration was ?ete[r?|ned by absorbance at 280enm (
Evidence is also building that binding to the remote anion — 1.92 cm mL ur.nt mg). i » )
binding exosite 1 (ABE1) may affect substrate specificity ~ Human thrombin was obtained from purified prothrombin
and/or catalytic rates. The substrate, fibrinogen, binds to both (Haematologic Technologies). Optimal yields were obtained
the active site and the ABEL1 site of thrombin. TM also binds When the prothrombin concentrate was dissolved in 50 mM
at the ABE1 site, and TM-bound thrombin shows remarkably 1S, pPH 7.5, 150 mM NaCl, 10 mM Cag:land 0.1% PEG-
different binding properties toward various inhibitofs8¢ 8000 so that the final _prothrombln concentration was 1.6
20). Does thrombin use this site simply as a docking site to M3/mL. The prothrombin was then activated @h at 37
preorient fibrinogen toward the active site, or can it also C and purified as above.
utilize this region as a site that can propagate changes to Portions of freshly purified human and bovine thrombin
other regions of the protease and prepare the active site fowere incubated with a 30-fold molar excessod#the-Pro-
catalysis? The Fuentes-Prior crystal structure of thrombin Arg chloromethyl ketone (PPACK) (Bachem). Afta 2 h
TMEGF456 suggests that thrombin does not undergo sig- incubation at room temperature, the PPACK-bound thrombin
nificant conformational changes upon cofactor bindihg)(  was repurified on a MonoS column as above. The PPACK-
However, Parry et al. and Ye et al. showed that the bound thrombin was devoid of fibrinogen clotting activity
fluorescence of PPACK analogues changed upon binding atas expected.
ABE1 (21, 22). Later, we also showed that TM binding For the mass spectrometry experiments, thrombin was
caused changes in amide exchange of surface loops near thbuffer-exchanged so that during the amidéHHéxchange
thrombin active site43). In this study, we used amide period the buffer concentration would be 25 mM 3D,
exchange experiments to probe for differences in exchangepH 6.5, and 50 mM NaCl. The human protein was not stable
between substrate-bound and substrate-free thrombin. Uporat high concentrations, so the two proteins were prepared in
active site occupation by the optimized small peptide different manners. The human protein was exchanged into
inhibitor, PPACK, changes in several surface loops including 12.5 mM KH,PO,, pH 6.5, and 25 mM NaCl and concen-
ABE1 were indeed observed. trated to~1 mg/mL. Aliquots of 750 pmol of protein were
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lyophilized and stored at-80 °C until use. The bovine  was aliquoted into several fractions, rapidly frozen in liquid
thrombin was concentrated to 1 mg/mL, buffer-exchanged N, and stored at-80 °C.

into 330 mM KHPQ, pH 6.5, and 660 mM NacCl, Samples were analyzed by MALDI-TOF mass spectrom-
concentrated to 4.5 mg/mL (122M), and then stored at  etry one at a time to minimize off-exchange. Samples were
—80° C until use. rapidly thawed, mixed with cold matrix, spotted on a

Differential Scanning CalorimetryDSC scans were col-  prechilled MALDI target plate, and dried under vacul@s)(
lected using a MicroCal VP DSC instrument (MicroCal, Inc., The mass spectra were analyzed to determine the average
Northampton, MA), using a protein concentration of25  number of deuterons present in each peptic peptide. The
30 uM (~1 mg/mL) thrombin. The temperature range number of deuterons incorporated in each peptide was
scanned was 2390 °C with a scan rate of 98C/h. Samples  quantified by subtracting the centroid of the undeuterated
of thrombin were prepared in 25 mM PIPES, pH 6.5, and control from the centroid of the isotopic peak cluster for the
150 mM NacCl. deuterated sample. All values reported represent only the

Mass Spectrometratrix-assisted laser desorption ion-  deuterons exchanged onto the backbone arligerogen
ization time-of-flight (MALDI-TOF) mass spectra were (NH) positions. The residual deuterium content (9% for
acquired on a Voyager DE-STR instrument (Applied Bio- bovine and 5% for human) that incorporated into rapidly
systems) as previously describéxb), The matrix used was  exchanging side chain positions was subtracted. Finally, data
5.0 mg/mL a-cyano-4-hydroxycinnamic acid (Sigma-Ald-  were corrected for back-exchange loss46% for both
rich) dissolved in a solution containing a 1:1:1 mixture of species) as described previousis,(26, 27).
acetonitrile, ethanol, and 0.1% TFA. The pH of the matrix

was adjusted to 2.2 using 2% TFA. RESULTS
Peptides produced by pepsin cleavage of human thrombin ) .
were identified previously26). Bovine thrombin peptides Thrombins from Two Species Were Us@ler many

were identified by a combination of sequence searching for Years, the similarity of both sequence and activity of
accurate masses, post-source decay sequencing, and MS/mEarombins from various species has been noted. Our labora-

sequencing on a QSTAR ESI Q-TOF mass spectrometer. Totory has demonstrated that the kinetics and thermodynamics
carry out the digests, thrombin was brought to pH 2.2 in a of the interaction between thrombin and thrombomodulin for

0.1% TFA solution and then incubated with a 2-fold molar POth species are indistinguishabs). In the study presented
excess of immobilized pepsin (Pierce Chemical Co.) for 10 Nere, we used both species in order to compare and contrast
min at 4°C. There were no differences observed between the results from these two similar proteins. Peptic cleavage
the free and PPACK-bound forms of thrombin. The monoiso- ©f Povine thrombin resulted in 25 peptides which were
topic mass (MH) of all peptides identified was within 20 identified by various MS/MS sequencing techniques (Flg_ure
ppm of theoretical masses reported. 1A). Quant|tat_|ve data were obtained for 16 o_f these peptides
Amide H2H Exchange Experiment3he pH conditions an.d resulted in coverage of 38% of the primary sequence
during various stages of the reaction were determined on an(Figure 1C). The regions of bovine thrombin represented by
Accumet Inlab 423 pH electrode (Mettler-Toledo) using quar_ltlflable dlgest_products were not identical to those
nondeuterated mock solutions (to avoid having to recalibrate ©Ptainéd by experiments on human thrombi8, (26).
the electrode for deuterons). Experiments to measure amideP19estion of human thrombin yielded additional coverage
exchange in human thrombin samples were performed as" regions such as the I_|ght chain and C-terminus of the
previously described@, 26). Briefly, exchange was initiated ~ Protein (Figure 1B,C). Final sequence coverage when the
when a 750 pmol thrombin aliquot was resuspended in 12 data from both species were combined was 50% (Figure 1C).
uL of D,O. The protein was allowed to exchange (pD* 6.5, Amide H’H Exchange Experiment#Amide HPH ex-
not corrected) at room temperature for-10 min. The  change experiments were designed to probe the solvent
exchange was quenched by a 10-fold dilution into a pre- accessibility of regions of thrombin and to assess which
chilled vial (0°C) containing a quench buffer composed of regions of the protein undergo changes in solvent acces-
water and 2% TFA, making the final solution approximately Sibility upon active site occupation. PPACK, an optimized
0.1% TFA, pH 2.2. The quenched protein was then digestedthrombin inhibitor, was used to simulate a substrate-bound
as described above. The digest was aliquoted into severabtate ). Initial amide HPH exchange experiments using
fractions, rapidly frozen in liquid B and stored at-80 °C. exchange periods of 1, 2, 5, and 10 min revealed that several
Experiments to measure amide exchange in bovine throm-surface loops including the TM-binding loop at ABE1
bin by quench flow were carried out using a Kin-Tek RQF-3 €xchanged fully within the first 5 min. A series of quench-
f|0w-quench apparatus (Kin-Tek Corp.’ Clarence, PA) The flow experiments were, therefore, used to Capture shorter
deuteration was initiated when 4. of a 122uM bovine deuteration times. The deuteration periods for the quench
thrombin solution (2.3 nmol) was diluted 13.8-fold inte@®  flow were 50 ms to 2 min.
(203 uL) at room temperature for 0.05, 0.5, 5, 50, and 120  Figure 2 shows how the peak envelope of a peptide shifts
s. After the exchange period, the reaction was quenched byto higher mass as more labile amide positions exchange over
a 6-fold dilution into a prechilled vial (6C) containing 1190  time. Since the labeling occurs when the protein is in its
uL of a quench buffer composed of water and 2% TFA, native ensemble of states, the amount of deuteration reflects
making the final solution approximately 0.1% TFA, pH 2.2, the solvent accessibility of the protein region. To determine
containing 0.7 pmol/L bovine thrombin. We did not use  which regions of thrombin show altered solvent accessibility
the third “quench” syringe because we needed to maintaindue to the presence of a substrate in the active site, the
the same volume of final quenched solution. The quencheddeuteration levels of the substrate-free protein were compared
protein then was digested as described above. The digesto that of the PPACK-bound protein.
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Ficure 1: (A) MALDI-TOF mass spectrum of bovine thrombin after peptic digestion. From this mass spectrum, a total of 24 peptides
were identified via MS/MS sequencing. (B) MALDI-TOF mass spectrum of human thrombin after peptic digestion. A total of 25 peptides
were identified as previously describezb). (C) Aligned sequences of human and bowathrombin showing all of the peptides generated

by pepsin cleavage as lines below the sequence. Thick lines denote peptides from the human protein digest, and thin lines denote those
from the bovine digest. The light chain residues of thrombin are indicated by bold type, and significant residues including the catalytic triad
(H57, D102, and S195) are in both bold type and annotated above the sequence in the chymotrypsin numbering system. Coverage of the
thrombin sequence is low, in part due to the four disulfide bonds present in thrombin.

Changes at the Aaté Site of Thrombin.Two loops the PPACK or fibrinopeptide A§—10). This is one of five
surrounding the rim of the active site showed differences in residues that helps to form a hydrophobic pocket for the
deuterium incorporation between free and PPACK-bound phenyl ring. The preceding Arg214 (Argl#3 also forms
forms of thrombin (Table 2, Figure 8). One region is a hydrogen bond when the active site is occupied by
represented by the bovine thrombin peptide containing fibrinopeptide A 8, 9). These two findings support that this
residues 214222 (Argl73r—Phel8%r, peptide mass MH active site loop undergoes changes either in dynamics or in
1165.62). It should be noted that this peptide did not show solvent accessibility upon substrate binding, and these
the high levels of deuterium incorporation expected for a changes can be observed by amidéH#xchange methods.
completely accessible surface loop. Also, the mass spectra A second active site region that showed differences
of this peptide reveal that, even at short deuteration periods,between substrate-free and -bound thrombin was the peptide
PPACK-bound thrombin incorporated one less deuteron thanspanning residues 137432 (90sr insertion loop). The
free thrombin (Figure 3A). This difference is constant bovine protein had peptide MH2102.12, residues 117
throughout exchange (Figure 3B) and remains even at an132, and the human protein had two peptides, N#44.14,
exchange period of 120 min (data not shown). The structuresresidues 117132, and MH 1331.75, residues 117126.
of PPACK-bound and fibrinopeptide A-bound human throm- The mass spectra of the 11732 peptides from the two
bin reveal that the difference may arise because of the closespecies are shown in Figure 4A,B and the kinetic plots of
proximity of 1le215 (lle174) to the phenylalanine ring of  deuteration in Figure 4C,D. For both species, this region of
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FIGURE 2: Region of the MALDI-TOF mass spectrum showing 1164 1166 1168 1170 1172 1174 1176 1178
the peptide at MH 1254.54 from the peptic digest of bovine m/z

thrombin. (i) The peptide before deuteration. The peaks of higher 8. .
mass in the undeuterated peptide envelope are caused by the ML B DL LA IR LR
presence of naturally occurring isotopes. (ii) The peptide after o7 B
deuteration for 50 ms. (iii) The peptide after deuteration for 5 s. (0]
(iv) The peptide after deuteration for 50 s. The peaks of higher © 6
mass in the deuterated peptide envelopes are caused by a convolu- ‘5
tion of amide exchange and the presence of naturally occurring Q 5
isotopes. To quantitate the number of deuterons incorporated in ’6
each peptide, the centroid of the undeuterated control was subtracted O 4
from the centroid of the isotopic peak cluster for the deuterated <
sample.
2 3
Table 2: Quantitative Analysis of Peptic Fragments of Thrombin g
no. of no. of deuterons '5'
region of thrombip NH active PPACK [0 1165.62
S_jSGtZ(L)(_BAl (1%0%125554,{)'54) 2 gi 8% ;gi 8% = pia byl |(|2|1| 4|I-|%?2|)|
6874 (B, 888.49) 6 0701  06+0.1 0 20 40 60 80 100120
96—116 (B, 2586.48) 20 17403  16.2+0.3 Time (sec)
117-132 (B, 2102.12) 14 8.20.2 6.5+ 0.1
138-149 (B, 1311.80) 9 4.20.2 4.0+ 0.1 FiIGURE 3: (A) Region of the MALDI-TOF mass spectrum showing
139-146 (B, 996.66) 6 2501 25+0.1 the peptide at MH 1165.62 from the peptic digest of bovine
171-189 (B, 2162.12) 18 11.£04 8.4+ 0.3 thrombin. (i) The peptide before deuteration. (ii) The peptide after
214-222 (B, 1165.62) 8 3.%0.2 2.5+ 0.3 the free thrombin deuterated for 50 ms. (iii) The peptide from the
248-255 (B, 1064.53) 6 3402 3.5+0.1 PPACK-bound thrombin deuterated for 50 ms. (iv) The peptide
252-262 (B, 1367.65) 10 3201 3.4+0.1 after the free thrombin deuterated for 50 s. (v) The peptide from
11-16 (H, 1934.01) 15 1.4 nd 1.4+ nd the PPACK-bound thrombin deuterated for 120 s. (B) Kinetic plot
43-54 (H, 1399.66) 10 4601 45+0.1 of the amide H/H exchange data obtained for the MH165.62
96-112 (H, 2127.19) 16 114+01  108+01 peptide from the free®) and PPACK-bounds) forms of thrombin.
97—117 (H, 2586.44) 20 178 0.1 16.0+ 0.2
117-126 (H, 1331.75) 8 1.6+0.1 1.7+0.1 . . . .
117-132 (H, 2144.14) 14 6.9 0.2 54402 protein (Figure 4E), allowing us to narrow down the region
166-180 (H, 1619.87) 14 52 0.2 2.8+ 0.1 of differences to residues 12432 (Arg9&r—Leu92:y), also
g%:ggg g: %%ggg 12 g-lt 8-; géi 8-% known as the 90s insertion loop. This loop is located at the
281-293 (H. 1702.02) 12 4101 21+ 0.1 mouth of the active site, and crystal structures of fibrinopep

: : . : ~ tide A-bound protein reveal that residues Arg128 (Argd7
2 Overlapping peptides of thrombin that only differed by one amino 54 Glu129 (Glu97ay) are critical for orienting fibrinopep-
acid (see Figure 1C) are not reported in this tabkll values have ide A into th ti iteq 9). In additi the f ti f
been corrected for losses due to back-exchange (45%), and errors aréI € Alnto the ac_lve siteq; 9). In addition, the function o .
the standard deviation of the mean of two independent experiments. L€U132 (Leu98y) is to form another part of the hydrophobic
The values reported for the bovine data were after 50 s of exchangepocket for the phenylalanine ring of PPACK.

and for the human were after 60°This value does not reflect the Changes Far from the Act Site of ThrombinTwo
total number of deuterons incorporated into this peptide because the, . . ; ;

area of integration had to be truncated due to the presence of anreQ!Ons of thrombin ShO_WGd differences that could not_ be
interfering peak at higher mass. attr!but_ed to contacts with the PPACK molecule. The f|r_st
region is the autolysis loop represented by two overlapping
free thrombin incorporated approximately 1.5 more deuterons peptides covering residues 168689 (Leul3@r—Gly1490:y).

than the PPACK-bound thrombin (Table 2, Figure 8). The The peptide of mass MH1619.87 in the human protein
digest of the human protein produced a second overlappingcovers residues 166180 (Leul3@r—Leul43y) (Figure 5A)
peptide covering residues 117126 (MH" 1331.75). This and showed a difference of 2.4 deuterons between the two

peptide showed no differences in the free vs PPACK-bound states of thrombin (Table 2, Figures 5B and 8). The peptide
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Ficure 4: (A) Region of the MALDI-TOF mass spectrum showing the peptide at'N2#44.14 from the peptic digest of human thrombin.

(i) The peptide before deuteration. (ii) The peptide from free thrombin after deuteration for 120 s. (iii) The peptide from PPACK-bound
thrombin after deuteration for 120 s. (B) Region of the MALDI-TOF mass spectrum showing the peptide"&1dRi12 from the peptic

digest of bovine thrombin. Spectra are the same as in (A). (C) Kinetic plot of the amitieebdthange data obtained for the peptide at
MH* 2144.14 from free®) and PPACK-boundl) forms of thrombin. (D) Kinetic plot of the HH data obtained for the peptide at MH
2102.12 peptide from free®) and PPACK-boundl) thrombin. (E) Kinetic plot of the amide Pl exchange data obtained for the peptide

at MH* 1331.75 from free®) and PPACK-boundm) thrombin.

with MH* 2162.12 of the bovine protein covers residues
171-189 (Lys13%r—Gly149D:y) (Figure 5C) and showed
a difference of 3.3 deuterons (Table 2, Figure 5D).

The final region of thrombin that showed alteration in
solvent accessibility upon active site occupation was ABEL1.
This region of thrombin is the distal site of binding for
fibrinogen, as well as other proteins that interact with
thrombin. Three peptides covering residues 247 (66—
86c7) were found to be highly solvent accessible. In fact,
the region was found to be fully deuterated by 10 min in
both species of thrombin. Both the human and bovine protein

had a peptide of MH 2586.44 although they corresponded summarized in Table 2 revealed that all regions of thrombin

to slightly different overlapping regions, 9217 and 96- which experienced differences in amide exchange showed
116, respectively. The mass spectra for the peptide fromgqq solvent accessibility for the PPACK-bound form com-
human thrombin, after a 60 s deuteration period, are shown pared to the free form. Previous amidéiexchange studies

in Figure 6A. The kinetic plots show that a small, but real gn pkaA and MAP kinase showed that there was a mixture
difference in deuterium incorporation between the active and of regions which showed increases and decreases in amide
PPACK-bound thrombin is present between 1 and 5 min exchange upon perturbation of the prote2,(30). To test
(Figure 6B). This difference completely disappears by 10 whether the presence of the PPACK molecule was causing
min because in both forms of thrombin this region was by a global change in thrombin, we performed DSC to measure
then fully deuterated. These results are confirmed by a secondhe overall thermostability of the two forms of bovine
shorter peptide representing residues-262 (66 1—80cT) thrombin. The DSC thermogram showed that the PPACK-
(MH* 2127.19) in the human protein (Table 2, Figure 8). bound form of thrombin was significantly more stable; the

Since this region exchanges so readily, we decided to look
at the deuterium incorporation at shorter exchange periods
using a quench-flow instrument. The human protein was not
amenable to the conditions demanded by these experiments,
so the results from only the bovine protein are presented
here. The spectra in Figure 6C show the peptide of mass
2586.44 aftea 5 sdeuteration period. The kinetic plots of
both the bovine and human data show that the differences
between the two forms of the protein arise early and are
occurring in a region of the protein which has little solvent
protection (Figure 6B,D).

PPACK Induces @erall Tightening of ThrombiriThe data
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FiGURE5: (A) Region of the MALDI-TOF mass spectrum showing the peptide at'NB19.87 from the peptic digest of human thrombin.

(i) The peptide before deuteration. (ii) The peptide from free thrombin after deuteration for 50 s. (iii) The peptide from the PPACK-bound
thrombin after deuteration for 50 s. (B) Kinetic plot of the amidéHHéxchange data obtained for the peptide at™M619.87 from free

(®) and PPACK-boundm) thrombin. (C) Region of the MALDI-TOF mass spectrum showing the peptide at RIH62.12 from the peptic

digest of bovine thrombin. (i) The peptide before deuteration. (ii) The peptide from free thrombin after deuteration for 50 s. (iii) The
peptide from the PPACK-bound thrombin after deuteration for 50 s. (D) Kinetic plot of the amftieebtthange data obtained for the
2162.12 peptide from free®) and PPACK-boundl) thrombin.

temperature of unfolding for the PPACK protein was°®® thrombin molecule, the autolysis loop and the ABEL1 loop,
vs the free form which was 57C (Figure 7). These results  also showed lower levels of amide exchange in the PPACK-
suggest that stabilization of the thrombin molecule occurs bound form of thrombin. These coulibt be attributed to
upon substrate binding. It is likely that the decrease in solvent contacts with the PPACK molecule and must reflect de-
accessibility of several surface loops is related to the creased dynamics of the loop or a restricted ensemble of
increased stability of the substrate-bound form. conformations.

Lines of Communication between the AetiSite and
ABE1. ABE1 is a binding site for fibrinogen, TM, and
Changes in the Acte Site LoopsThe crystal structure of ~ hirudin. Hofsteenge illustrated the importance of this region
human thrombin cocrystallized with PPACK shows that two by showing that proteolytic cleavage leading to the deletion
of the active site loops, the one containing Arg214 (Argiy3  of residues 99109 (lle6&r—Arg77Acr), and the formation
and the one containing Leu132 (Lew9g come in contact ~ Oof y-thrombin, abolishes the binding of fibrinogen and TM
with the PPACK molecule 10). Both of these loops (31). The crystal structure of the thrombiTMEGF456
incorporated less deuterium when PPACK was present in complex further showed that it was Arg104, Arg106, Arg109,
the active site (Figure 8). Although the decreased deuteriumTyr107, and lle114 (Arg7g, Arg75cr, Arg77Act, Tyr76cr,
incorporation into the backbone amides of these loops couldand 1le82r) that were interaction sites for TM bindingX).
be due to dynamic changes, the most likely explanation for Indeed, amide exchange studies showed a decrease in
the lower levels of amide exchange is simply steric contacts exchange within residues 9417 that could be attributed
with the PPACK molecule. Two other regions of the to solvent exclusion upon TM bindin28). Many of the

DISCUSSION
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Ficure 6: (A) Region of the MALDI-TOF mass spectrum showing the peptide at'N2B86.44 from the peptic digest of human thrombin.

(i) The peptide before deuteration. (ii) The peptide from free thrombin after deuteration for 50 s. (iii) The peptide from PPACK-bound
thrombin after deuteration for 50 s. (B) Kinetic plot of the?H/data obtained for the peptide at Mi2586.44 from free®) and PPACK-

bound @) human thrombin. (C) Region of the MALDI-TOF mass spectrum showing the peptide &t28B6.48 from the peptic digest

of bovine thrombin. (i) The peptide before deuteration. (ii) The peptide from free thrombin after deuteration for 50 s. (iii) The peptide from
PPACK-bound thrombin after deuteration for 50 s. (D) Kinetic plot of the amidél lékchange data obtained for the peptide at™MH
2586.48 from free @) and PPACK-boundl) bovine thrombin.

surface segments showed changes upon active site occupa- 410%

tion, suggesting a dynamic communication between the TM- B 310° 3

binding site, ABE1, and the active site (Table 3). The amide 3 210t

H/?H exchange studies presented here allow us to elucidate M

two different pathways along which communication between = 110°¢

the active site and ABE1 may occur. % (| :

An indirect line of communication could be traced from S-110'E : i

the active site to ABE1 (colored red) via the autolysis loop, 210k 4
residues 181191 (14%t—149E:, colored orange). Peptides 20 30 40 50 60 70 80 90

Temperature (°C)

corresponding to residues 16680 and 171189 became
much less deuterated (2.4 and 3.3 deuterons, respectivelykgyre 7: Differential scanning calorimetry was used to measure
in the PPACK-bound thrombin. This loop aydstrand lie the thermal stability of bovine thrombin with the PPACK molecule

between the catalytic serine loop and ABE1 (Figure 8). The bound at the active site (open symbols) and that without the PPACK

; ; ; ; molecule (closed symbols). The thermogram shows that the
side chain of Trp177 (Trp143) makes the final connection temperature of unfolding is 22C higher for the PPACK-bound

to ABE1, completing the path. The crystal structure of form of thrombin (79 vs 57C). It should be noted that the curves
thrombin shows that the side chain of this tryptophan makes were not reversible and indicate an aggregation event is occurring
multiple contacts with the backbone of ABE1, specifically after the observed transition.
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Ficure 8: Stereoview of the structure of humanthrombin (gray) with PPACK (black, stick model) bound at the active site (catalytic
residues colored cyan). The four regions that are less solvent accessible in the PPACK-bound thrombin correspond to reskzes 214
(Argl73-1—Phel8%r, purple), residues 126132 (the 90sr loop, green), residues 92417 (ABE1 residues Valgg—Glu8&, red), and
residues 166189 (the Trpl44r loop, orange). The surfag&strand that connects ABE1 to the 9@doop is colored blue.

Table 3: Summary of Changes Observed in Thrombin from Amide
H/’H Exchange Experimerits

changes observed upon

regulates the procoagulant and anticoagulant functions of this
important protein.

thrombin region
sequential nur%bering TM binding PPACK binding REFERENCES
ABEL1 region 1. Machovich, R. (1984Yhe Thrombinsp 166, CRC Press, Boca
A, 97-117 yes yes Raton, FL.
B,97-112 yes yes 2.Esmon, C. T., and Owen, W. G. (1981) Identification of an
C, 54-61 yes no endothelial cell cofactor for thrombin-catalyzed activation of
peripheral sites to ABE1 protein C,Proc. Natl. Acad. Sci. U.S.A. 78249-2252.
A, 139-149 yes no . L .
B, 167-180 ves yes 3. Esmon, C. T. (2000) Regulation of blood coagulatiBmchim.
C, 181-189 not observed yes Biophys. Acta 1477349-360.
D, 281-293 yes no 4. Musci, G., Berliner, L. J., and Esmon, C. T. (1988) Evidence for
E, 117132 yes yes multiple conformational changes in the active center of thrombin

aYes denotes regions of thrombin where the deuterium content
differs between the free form of thrombin and the PPACK (this study)
or TM [previous work 23)] bound thrombin. Differences are not
guantified because the data were collected by two different types of
H/?H experimental methods (deuteron retention vs deuteron incorporation).

to residues His102Arg104 (His7kt—Arg73:7). The con-
servation of Trpl4dr throughout the thrombin family
suggests that this pathway may be functionally releva®jt ( 8

A second, direct line can be traced from the catalytic
Aspl35 (AsplOgy) residue, through the active site loop
containing residues 126132 (90gr insertion loop, colored 9
green), to residues 97117 (the ABEL1 loop, residues
Arg67ct—Glu8%r, colored red) (Figure 8). Thus, orientation
of the 90s insertion loop upon contact with the substrate 19
molecule may transmit changes from the active site down
the surfaces-strand (colored blue) to ABEL1. It is interesting
to note that this surfacé-strand does not show differences
in amide exchange between the PPACK-bound and free
forms of thrombin (cf. Figure 4E). Thus, the connecting
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a tug of war in that it remains taut but tugging on one end
propagates changes at the other.

It is likely that both of the lines of communication from
the active site to ABE1 are important for the multiple
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experiments will help to determine how each of them
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