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ABSTRACT: Thrombin is a dual action serine protease in the blood clotting cascade. Similar to other clotting
factors, thrombin is mainly present in the blood in a zymogen form, prothrombin. Although the two
cleavage events required to activate thrombin are well-known, little is known about why the thrombin
precursors are inactive proteases. Although prothrombin is much larger than thrombin, prethrombin-2,
which contains all of the same amino acids as thrombin, but has not yet been cleaved between Arg320
and Ile321, remains inactive. Crystal structures of both prethrombin-2 and thrombin are available and
show almost no differences in the active site conformations. Slight differences were, however, seen in the
loops surrounding the active site, which are larger in thrombin than in most other trypsin-like proteases,
and have been shown to be important for substrate specificity. To explore whether the dynamics of the
active site loops were different in the various zymogen forms of thrombin, we employed amide H/2H
exchange experiments to compare the exchange rates of regions of thrombin with the same regions of
prothrombin, prethrombin-2, and meizothrombin. Many of the surface loops showed less exchange in the
zymogen forms, including the large loop corresponding to anion binding exosite 1. Conversely, the autolysis
loop and sodium-binding site exchanged more readily in the zymogen forms. Prothrombin and
prethrombin-2 gave nearly identical results while meizothrombin in some regions more closely resembled
active thrombin. Thus, cleavage of the Arg320-Ile321 peptide bond is the key to formation of the active
enzyme, which involves increased dynamics of the substrate-binding loops and decreased dynamics of
the catalytic site.

Thrombin is a dual action serine protease in the blood
clotting cascade. Similar to other clotting factors, thrombin
is mainly present in the blood in a zymogen form, prothrom-
bin, to maintain normal hemostasis. While the plasma
concentration of prothrombin is estimated at 1.2µM, the
concentration of active thrombin is only 0.06-0.09µM (1).
Activation of thrombin occurs via two cleavages by factor
Xa (Figure 1A). Cleavage between Arg271 and Thr272
separates the pro domain (37 kDa) from the catalytic domain
(37 kDa), creating an inactive precursor called prethrombin-
2. Cleavage within the catalytic domain between residues
Arg320 and Ile321 (Arg15CT-Ile16CT) creates the light chain
and heavy chain that remain connected via a disulfide bond
in the active protease (2).1 Although the cleavage events
required to activate thrombin are well-known, little is known
about why the thrombin precursors are inactive proteases.

Serine proteases work by formation of a tetrahedral
intermediate between the active site serine (Ser195CT) and

the substrate. This intermediate is stabilized by His57CT,
which acts as a general base, and the backbone amides of
Gly193CT and Ser195CT, which stabilize the negative charge
on the carbonyl oxygen of the tetrahedral intermediate (3).
The most well-studied examples of serine proteases, trypsin
and chymotrypsin, are produced by a single proteolytic
cleavage of their zymogen forms trypsinogen and chymo-
trypsinogen. Remarkably, crystal structures of the zymogens
showed that the active site is almost fully formed prior to
proteolysis (3, 4). The only difference between the active
enzyme and the zymogen was in the conformation of the
“oxyanion hole”. In the crystal structures of the zymogens,
Gly193CT was too far from Ser195CT to play a role in
correctly forming the “oxyanion hole,” which is required for
stabilization of the intermediate in the catalytic mechanism
(4).

Several crystal structures of zymogen forms of thrombin
are also available, but these too reveal little difference in
structure between the inactive zymogens and their active
enzyme counterparts except, again, for the ill formation of
the oxyanion hole in the active site. In fact, it appears that
the catalytic residues are in an active conformation even in
the inactive precursors (5, 6). One such structure represents
the noncovalent complex between fragment 2 from pro-
thrombin (or its kringle 2 domain) and PPACK-thrombin.
This structure shows a binding site on the catalytic domain
of thrombin for fragment 2 which may play a role in blocking
the active site from entering substrate (5). The other structure
is of prethrombin-2 and shows minimal conformational
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changes in loops of thrombin around the active site of
thrombin (Gly142CT-Pro152CT), near the oxyanion hole
(Pro186CT-Asp194CT), and in the cleavage region of
Arg15CT-Ile16CT (6, 7).

In order to assess structural and stability changes upon
prothrombin activation, Stevens and Nesheim did a fluores-
cence study in which they measured the modification of
tryptophan residues in thrombin upon activation from pre-

thrombin-2 to thrombin. Their results suggest that the
dynamics of the two proteins differ, and revealed structural
changes near His57 and at the substrate binding site of
thrombin (8). Differential scanning calorimetry was used to
measure the stability of prothrombin and prethrombin-2.
These experiments showed that, despite prethrombin-2 losing
half its mass when converted from prothrombin, its inherent
stability did not differ from that of the full zymogen (9).

FIGURE 1: (A) Schematic diagram showing the cleavages that occur in the conversion of prothrombin to meizothrombin or to prethrombin-2
and then to thrombin (23). (B) Aligned sequences of human and bovineR-thrombin showing all 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.
Dashed lines indicate new peptides that were obtained from the digests done in the presence of TCEP. Taken together, the peptides cover
65% of the thrombin sequence. The light chain residues of thrombin are indicated by bold text, and significant residues including the
catalytic triad (H57CT, D102CT, and S195CT) are both in bold text and annotated above the sequence in the chymotrypsin numbering system.
The four disulfide bonds in the protease domain are drawn in vertical lines connecting the cysteines.
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This led us to speculate that, because there is no drastic
overall structural change or stability change, the key to the
activity of thrombin over prothrombin or prethrombin-2 may
be due to subtle changes, perhaps mainly in backbone
dynamics, upon activation.

In this study we used amide H/2H exchange and mass
spectrometry to study the dynamic differences between
prothrombin, meizothrombin (a precursor cleaved between
Arg320 and Ile321), prethrombin-2 (an immediate precursor
to active thrombin which lacks the pro domain), and active
thrombin. Since prethrombin-2 differs from thrombin only
by the cleavage of a single peptide bond, it is possible to
interpret the amide H/2H exchange data in terms of dynamics.
Our results show major differences in dynamics between the
active enzyme and its inactive precursors which help to
deduce a mechanism of activation.

EXPERIMENTAL PROCEDURES

Proteins.Bovine blood was processed to the barium citrate
eluate (prepared from bovine plasma) according to previously
published methods (10). The eluate powder (8 g) was
redissolved overnight in 200 mL of 100 mM EDTA, 150
mM NaCl, 10 mM sodium citrate, containing 11.1 g of
ammonium sulfate and 0.03 g of benzamidine. Following
resuspension, the concentration of ammonium sulfate was
increased from 10% to 40%. After centrifugation at 10000g,
the supernatant was kept, brought to 70% ammonium sulfate,
and centrifuged. The pellet was dissolved in 5 mL of 50
mM Tris, pH 7.5, 150 mM NaCl, loaded onto a G-25
Sephadex gel filtration column (2.5× 100 cm) to remove
the ammonium sulfate, and the fraction containing protein
was collected. The protein was further purified by HiLoad
16/60 Superdex 200 size-exclusion chromatography (Am-
ersham/GE Healthcare) using 50 mM Tris base pH 7.4, 150
mM NaCl and buffer exchanged into 25 mM KH2PO4 pH
6.5, 50 mM NaCl and concentrated to∼6 mg/mL. This
process was shown to produce bovine meizothrombin as
assessed by the observations that the protein eluted from
Superdex 200 at an apparent molecular weight of 60 kDa,
had no measurable clotting activity, and was shown by
reducing SDS PAGE to be cleaved to the appropriately sized
fragments. Others have shown that clotted bovine blood
yields primarily meizothrombin when prepared in this way
(11-13). The bovine meizothrombin was stored as 5µL
aliquots (750 pmol/tube) at-80 °C until use.

Bovine thrombin was obtained from purified bovine
meizothrombin (described above). The meizothrombin was
activated by incubating it with 2.0 mg/mLEchis carinatus
venom, 10 mM CaCl2, 1 mg/mL PEG-8000 for 45 min at
37 °C. The mixture was loaded onto a G-25 Sephadex
column (2.5× 100 cm) equilibrated in 25 mM KH2PO4 pH
6.5, 100 mM NaCl, and the protein fraction was collected.
Finally, the G-25 fraction containing active thrombin was
loaded onto a MonoS FPLC column 16/10 (Amersham/GE
Healthcare) equilibrated with buffer A (25 mM KH2PO4 pH
6.5, 100 mM NaCl). The thrombin was eluted with a linear
gradient of B (25 mM KH2PO4 pH 6.5, 500 mM NaCl) over
1 h. R-Thrombin was identified by fibrinogen clotting, and
the most concentrated fractions were pooled. The specific
activity of these pooled fractions was typically 4000 units/
mg (14). Bovine thrombin was buffer exchanged into 25 mM

KH2PO4 pH 6.5, 50 mM NaCl, concentrated to∼3 mg/mL,
and stored as 5µL aliquots (750 pmol/tube) at-80 °C until
use. Control experiments were performed with lyophilized
bovine thrombin to verify that there was no difference in
deuterium incorporation or pepsin digestion in lyophilized
samples compared to nonlyophilized samples.

Human prothrombin and prethrombin-2 were obtained
from Haematalogic Technologies. The prothrombin was
purified by HiLoad 16/60 Superdex 200 size-exclusion
chromatography (Amersham/GE Healthcare) using 50 mM
Tris base pH 7.4, 150 mM NaCl. The prethrombin-2 was
purified by HiLoad 16/60 Superdex 75 size-exclusion chro-
matography in the same Tris buffer. Human prothrombin was
buffer exchanged into 25 mM KH2PO4, pH 6.5, and 50 mM
NaCl, concentrated to∼6 mg/mL, and stored as 5µL aliquots
(750 pmol/tube) at-80°C until use. Human prethrombin-2
was exchanged into 12.5 mM KH2PO4, pH 6.5, and 25 mM
NaCl, and concentrated to∼1 mg/mL. Aliquots of 750 pmol
of protein were lyophilized and stored at-80 °C until use.
The final buffer upon resuspension of the lyophilized protein
was 25 mM KH2PO4, pH 6.5, and 50 mM NaCl.

Human thrombin was obtained from purified prothrombin
(Haematologic Technologies) as described previously (15).
Optimal yields were obtained when the prothrombin con-
centrate was dissolved in 50 mM Tris pH 7.5, 150 mM NaCl,
10 mM CaCl2, 1 mg/mL PEG-8000 so that the final
prothrombin concentration was 1.6 mg/mL. The prothrombin
was then activated for 2 h at 37 °C with 5 mg/mL E.
carinatusvenom, and purified as already described for bovine
thrombin.R-Thrombin was identified by fibrinogen clotting
assay, and protein concentration was determined by absor-
bance at 280 nm (ε ) 1.92 cm mL unit-1 mg-1). Human
thrombin was buffer exchanged into 12.5 mM KH2PO4, pH
6.5, and 25 mM NaCl, and concentrated to∼1 mg/mL.
Aliquots of 750 pmol of protein were lyophilized and stored
at -80 °C until use. The final buffer upon resuspension of
the lyophilized protein was 25 mM KH2PO4, pH 6.5, and
50 mM NaCl.

Mass Spectrometry.Matrix-assisted laser desorption ion-
ization time-of-flight (MALDI-TOF2) mass spectra were
acquired on a Voyager DE-STR instrument (Applied Bio-
systems) as previously described (16). The matrix used was
5.0 mg/mL R-cyano-4-hydroxycinnamic acid (Sigma-Ald-
rich) dissolved in a solution containing a 1:1:1 mixture of
acetonitrile, ethanol, and 0.1% TFA. The pH of the matrix
was adjusted to pH 2.2 using 2% TFA. The matrix solution
was chilled on ice for at least 60 min prior to use, and the
MALDI-target plates were chilled overnight at 4°C. Peptides
produced by pepsin cleavage of human and bovine thrombin
were identified previously (15, 17).

Amide H/2H Exchange Experiments.The pH conditions
during various stages of the reaction were determined on a
Accumet Inlab 423 pH electrode (Mettler-Toledo) using
nondeuterated mock solutions (to avoid having to recalibrate
the electrode for deuterons). The number of deuterons
incorporated into different regions of thrombin over 10 min
(on-exchange) was measured in2H2O. The kinetics of

2 Abbreviations: TFA, trifluoroacetic acid; MALDI-TOF, matrix-
assisted laser desorption ionization time-of-flight; ABE1, anion-binding
exosite 1; TM, thrombomodulin; DSC, differential scanning calorimetry;
TCEP, tris-carboxyethylphosphine.
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incorporation (on-exchange) are a good measure of the
solvent accessibility of each region of thrombin. The
lyophilized thrombin was rehydrated in 12µL of 2H2O. The
samples were simultaneously quenched and diluted after
varying on-exchange times (0.5 to 10 min) by addition of
120 µL of H2O (0 °C) with ∼5 µL of 2% TFA to give a
final pH of 2.2. The nonlyophilized thrombin samples were
allowed to come to room temperature prior to exchange. They
were then diluted with 45µL of 2H2O to initiate exchange
for times from 0.5 to 10 min. The samples were then
simultaneously quenched and diluted by addition of 250µL
of H2O (0 °C) with ∼10 µL of 2% TFA to give a final pH
of 2.2. Each sample was then incubated with a 2-fold molar
excess of immobilized pepsin (Pierce Chemicals) for 5 min
(human proteins) or 10 min (bovine proteins) at 4°C. Pepsin
beads were removed by centrifugation at 14 000 rpm for 10
seconds, and the resulting thrombin peptide mixture was
aliquoted into several fractions, rapidly frozen in liquid N2,
and stored at-80 °C.

All samples were analyzed by MALDI-TOF mass spec-
trometry one at a time. Samples were rapidly thawed, mixed
with cold matrix, spotted on a prechilled MALDI-target plate,
and dried under vacuum (18). The mass spectra were
analyzed to determine the average number of deuterons
present in each peptic peptide. The number of deuterons
incorporated into each peptide was quantified by subtracting
the centroid of the undeuterated control from the centroid
of the isotopic peak cluster for the deuterated sample. All
values reported represent only the deuterons exchanged onto
the backbone amide-hydrogen (NH) positions. The residual
deuterium content (4.5% for the lyophilized samples and
7.5% for the nonlyophilized samples) that incorporated into
rapidly exchanging side chain positions was subtracted.
Finally, data were corrected for back-exchange loss (∼45%)
as described previously (15). On-exchange was measured at
0, 0.5, 1, 2, 5, and 10 min, and the data were fit using a
biexponential fit in Kaleidagraph as described previously
(19).

Partial Reduction with TCEP.Further H/2H experiments
were performed in which the deuterium exchanged protein
was exposed to TCEP for 5 min prior to pepsin digestion
using a protocol developed by T. M. Sabo and M. C. Maurer
(Biochemistry, in press). After this partial reduction, both
groups were able to identify the same additional peptides
from bovine thrombin, which included MH+ 1924.92 (resi-
dues 2-15, 3CT-7CT), MH+ 1548.82 (residues 55-68, 34CT-
46CT), MH+ 2267.99 (residues 256-275, 208CT-227CT),
MH+ 1845.82 (residues 259-275, 211CT-227CT), and MH+

1788.80 (residues 260-275, 212CT-227CT). Additionally, the
following peptides were identified from the digest of human
thrombin: MH+ 1569.74 (residues 1-15, 1ACT-7CT), MH+

1548.82 (residues 55-68, 34CT-46CT), MH+ 2267.99 (resi-
dues 256-275, 208CT-227CT), MH+ 1845.82 (residues 259-
275, 211CT-227CT), MH+ 1788.80 (residues 260-275,
212CT-227CT), and MH+ 1489.62 (residues 263-275, 215CT-
227CT). All new peptides were identified using MALDI-TOF-
TOF mass spectrometry. A peptide covering H57CT and
C58CT, which is disulfide bonded to C42CT (in MH+ 1548.82,
residues 34CT-46CT), was not found. It is not unusual for
some cysteine containing peptides not to be observed in
MALDI-TOF mass spectrometry, and this should not be

interpreted as being due to residual structure during pepsin
digestion.

The H/2H exchange experiments were carried out as
described above except that the 120µL quench solution was
25 mM TCEP in 0.1% TFA, giving a final TCEP concentra-
tion of 22.7 mM. After the combination quenching-
reduction step was allowed to occur for 5 min on ice, the
entire mixture was incubated with a 2-fold molar excess of
immobilized pepsin (Pierce Chemicals) for 5 min at 4°C.
Pepsin beads were then removed by centrifugation at 14 000
rpm for 10 s, and the resulting thrombin peptide mixture
was aliquoted into several fractions, rapidly frozen in liquid
N2, and stored at-80 °C.

Differential Scanning Calorimetry (DSC).DSC scans were
collected using a MicroCal VP DSC instrument. Human
prothrombin, prethrombin-2, and thrombin were dialyzed into
25 mM PIPES pH 6.5, and 150 mM NaCl, and the final
protein concentration was 5µM for each. Buffer alone was
used in the calorimeter reference cell. Protein samples and
buffer were degassed prior to loading in the calorimeter cells.
The temperature range scanned was 25-90°C with a scan
rate of 90°C/h. Scans were performed in duplicate using fresh
sample for each scan.

RESULTS

Thrombin Conformational Dynamics Probed by Amide
H/2H Exchange.On-exchange experiments were performed
to probe the solvent accessibility of backbone amides in
human prothrombin, prethrombin-2, and active thrombin.
Additionally, we have used partial reduction with TCEP to
increase the sequence coverage from our pepsin digestion
to approximately 65% of the thrombin sequence (Figure 1B).
Regions of interest to thrombin function showed dramatic
differences in deuterium incorporation depending on the
activity state of the enzyme.

The Side of the ActiVe Site That Connects to ABE1
Becomes More Dynamic upon Thrombin ActiVation.Amide
H/2H exchange experiments revealed several regions of
thrombin that had slower on-exchange when the protease
was inactive either as prothrombin or as prethrombin-2.
These regions included both sites where cofactors bind the
enzyme as well as loops around the active site of the enzyme.

Exchange at ABE1 was markedly slower in prothrombin
than in active thrombin. Exchange at ABE1 in prethrombin-2
was also slower than in active thrombin, but not as slow as
in prothrombin. These changes were evident in two peptides
from the digest of human thrombin: MH+ 2127.19, compris-
ing residues 96-112 (65CT-80CT), and MH+ 2586.44,
comprising residues 97-117 (66CT-85CT) (Figure 2).

More evidence for conformational change upon activation
of the enzyme was seen in the loop near the P2 position of
the active site. A peptide covering residues 117-132
(Leu85CT-Leu99CT) in this region (MH+ 2144.14) was seen
to have slowed exchange in prothrombin and prethrombin-
2, suggesting that the active site is in a locked conformation
prior to activation (Figure 3). Thus, the 90sCT loop shows
decreased dynamics in all zymogen forms of thrombin that
are unable to readily cleave fibrinogen.

Continuing along the linear sequence of the protein is
another surface strand, residues 139-149 (106CT-116CT),
that forms the bottom side of ABE1 and contains two Lys
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residues that interact with thrombomodulin. This segment,
represented by a peptide of mass MH+ 1263.71, was also
seen to become more dynamic upon activation (Figure 4).
As with the other surface segments and loops of this region
of linear sequence, this region was less solvent exposed in
both prethrombin-2 and prothrombin.

The C-terminal helix of thrombin is seen in the crystal
structure to be lying just below the 90sCT loop, and it appears
to also be protected by fragment 2 in the cocrystal structure.
This region also showed differences in H/2H exchange when
active thrombin was compared to prethrombin-2. Two
peptides from the digest of human thrombin, namely, MH+

1702.02, comprising residues 281-293 (Arg233CT-Phe245CT),
and MH+ 2202.26, comprising residues 276-292 (Tyr228CT-
Gln244CT), showed decreased amide exchange in both
prothrombin and prethrombin-2 (Figure 5).

The Catalytic Site and Autolysis Loop Become Less
Dynamic upon Thrombin ActiVation. Two thrombin loops
that make up the active site cleft near the catalytic serine
(Ser195CT) showed faster exchange in two of the inactive
forms of the enzyme (prothrombin and prethrombin-2). One
of these loops is known as the autolysis loop. Several
overlapping peptides from the pepsin digest covered the
autolysis loop. Data for the peptide from human thrombin
of mass MH+ 1619.87 comprising residues 166-180
(Leu130CT-Leu144CT) are shown in Figure 6 A,B. The
peptide of mass MH+ 1506.78 comprising residues 167-
180 (Gln131CT-Leu144CT) gave identical results. In all of
the peptides that cover this region, we saw slower exchange
in the active thrombin.

Another loop in this region was covered by the human
peptide of mass MH+ 1788.80 (residues 260-275, Ile212CT-
Phe227CT). This site is also known as the Na+-binding site.
This peptide showed somewhat faster exchange in prethrom-
bin-2 than in active thrombin, but this was only evident in
the shortest exchange times (30 s and 1 min) (Figure 6C).

Differential Scanning Calorimetry Showed That All States
of Thrombin HaVe Similar Unfolding Stabilities. Duplicate
scans of the human thrombin species revealed that the
melting temperatures of human active thrombin, prethrombin-

FIGURE 2: Amide H/2H exchange at ABE1 of thrombin. (A)
MALDI-TOF mass spectra of exchange into peptide MH+ 2586.44
(i) before deuteration, (ii) after 30 s deuteration of active thrombin,
and (iii) after 30 s deuteration of prethrombin-2. (B) On-exchange
into residues 97-117 (peptide MH+ 2586.44) of thrombin (b) and
prethrombin-2 (9). (C) On-exchange into residues 96-112 (peptide
MH+ 2127.19) of thrombin (b) and prethrombin-2 (9). (D)
MALDI-TOF mass spectra of exchange into peptide MH+ 2586.44
(i) before deuteration, (ii) after 30 s deuteration of active thrombin,
and (iii) after 30 s deuteration of prothrombin. (E) On-exchange
into residues 97-117 (peptide MH+ 2586.44) of thrombin (b) and
prothrombin (2). (F) On-exchange into residues 96-112 (peptide
MH+ 2127.19) of thrombin (b) and prothrombin (2).

FIGURE 3: Amide H/2H exchange at the 90s loop of thrombin. (A)
On-exchange into residues 117-132 (peptide MH+ 2144.14) of
thrombin (b) and prethrombin-2 (9). (B) On-exchange into residues
117-132 (peptide MH+ 2144.14) of thrombin (b) and prothrombin
(2).

FIGURE 4: Amide H/2H exchange adjacent to ABE1 of thrombin.
(A) On-exchange into residues 139-149 (peptide MH+ 1263.71)
of thrombin (b) and prethrombin-2 (9). (B) On-exchange into
residues 139-149 (peptide MH+ 1263.71) of thrombin (b) and
prothrombin (2).
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2, and prothrombin do not differ significantly. The scans
revealed a nonreversible melting occurring in the range of
54-58 °C. Because of the nonreversibility, we are observing
an aggregation event and the temperature is really an
aggregation temperature rather than a melting temperature.
Regardless, neither prothrombin nor prethrombin-2 appears
significantly more stable than active thrombin (Table 1,
Supplementary Figure 1, Supporting Information).

Meizothrombin Is Partially Dynamic.Meizothrombin had
dynamic behavior that partially resembled the zymogen forms
and partially resembled active thrombin. Despite the fact that
prothrombin and prethrombin-2 showed lower solvent ac-
cessibility of the ABE1 loop, no difference was seen in the
exchange at ABE1 when bovine meizothrombin was com-
pared to active bovine thrombin as shown by the peptide
comprising residues 96-116 (65CT-84CT, MH+ 2586.44)
(Figure 7A). Continuing along the linear sequence, the 90sCT

loop did show less solvent accessibility than active thrombin
(Figure 7B). The next contiguous segment, residues 139-
149 (106CT-116CT), also showed less solvent accessibility
than active thrombin, again similar to the zymogen forms
(Figure 7C). On the other side of the active site, the autolysis
loop also resembled the zymogen forms, as seen in the
peptide of mass MH+ 2162.12 comprising residues 171-
189 (Lys135CT-Ala149DCT) from bovine thrombin, which
had higher solvent accessibility in meizothrombin than in
active thrombin (data not shown). Finally, the Na+-binding
site, which was represented by a peptide from bovine
thrombin of mass MH+ 1367.65 (residues 252-262,
Asn204BCT-Ser214CT), showed identical H/2H exchange in
meizothrombin and active thrombin (Figure 7D).

DISCUSSION

Using amide H/2H exchange experiments followed by
pepsin digestion and mass spectrometry, we previously
probed the relative solvent accessibility of regions of
thrombin when different effector molecules were bound. In
earlier work, we mapped the interface between thrombin and
a fragment of thrombomodulin containing the fourth and fifth
EGF-like domains (TMEGF45) using deuterium off-ex-
change experiments. The thrombin-TMEGF45 interface,
which corresponded to anion-binding exosite 1 (ABE1), was
found to have solvent-inaccessible amides when TMEGF45
was bound (18). During these studies, other changes in
thrombin were observed that could not be readily explained.
This led to the further studies of thrombin conformational
dynamics using on-exchange experiments to compare PPACK-

FIGURE 5: Amide H/2H exchange at the C-terminus of thrombin.
(A) On-exchange into residues 281-293 (peptide MH+ 1702.02)
of thrombin (b) and prethrombin-2 (9). (B) On-exchange into
residues 281-293 (peptide MH+ 1702.02) of thrombin (b) and
prothrombin (2). (C) On-exchange into residues 276-292 (peptide
MH+ 2202.25) of thrombin (b) and prethrombin-2 (9). (D) On-
exchange into residues 276-292 (peptide MH+ 2202.25) of
thrombin (b) and prothrombin (2).

FIGURE 6: Amide H/2H exchange at the autolysis loop and Na+-
binding site of thrombin. (A) On-exchange into residues 166-180
(peptide MH+ 1619.87) of thrombin (b) and prethrombin-2 (9).
(B) On-exchange into residues 166-180 (peptide MH+ 1619.87)
of thrombin (b) and prothrombin (2). (C) On-exchange into
residues 260-275 (peptide MH+ 1788.80) of thrombin (b) and
prethrombin-2 (9).

Table 1: Differential Scanning Calorimetric Measurement of
Protein Stabilities

protein melting temp (°C)

active thrombin 56.6
prothrombin 58.2
prethrombin-2 53.8
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bound thrombin to the active site open form (15) and to
thrombin bound to active and inactive fragments of throm-
bomodulin (20).

These studies revealed how theâ-sheet architecture of
thrombin connects ABE1 to the active site. The large surface
loop that comprises ABE1, residues 97-117 (66CT-85CT),
is connected by a surfaceâ-strand, residues 117-126 (85CT-
94CT), to the 90sCT loop, residues 127-132 (95CT-99CT), near
the active site. Thus, binding of effector molecules such as
thrombomodulin alters the conformation of the 90sCT loop
(20), and binding of substrates at the active site alters the
dynamics of residues 97-117 (66CT-85CT) at ABE1 (15).
The 90sCT loop further connects back to the strand that runs
at the bottom of ABE1 comprising residues 139-149
(106CT-116CT) which contains Lys 109CT and 110CT. Thus
this entire side of the thrombin molecule is a network of
â-strand-to-loop-to-â-strand connections between ABE1 and
the active site. The C-terminal helix of thrombin runs under
this â-sheet network and is likely a secondary sensor for its
dynamics. Consistent with this idea, the C-terminal helix
showed decreased exchange upon PPACK binding and
thrombomodulin binding that reflected the decreased ex-
change seen in theâ-sheet network (15, 20).

The Connections between ABE1 and the 90sCT Loop at
the ActiVe Site Are More Dynamic in ActiVe Thrombin.In
the studies presented here, the entireâ-strand-to-loop-to-â-
strand network connecting ABE1 to the active site appears
to be more constrained in prothrombin and prethrombin-2.
Indeed, significantly fewer amides exchanged in the segments
corresponding to ABE1 (residues 97-117, 66CT-85CT), the
â-sheet network (residues117-132, 85CT-99CT, and residues
139-149, 106CT-116CT), and the C-terminal helix (residues
276-292, 228CT-244CT, and residues 281-293, 233CT-

245CT) in prothrombin and prethrombin-2 as compared to
active thrombin (Figure 8). It is possible that the decrease
in exchange observed for thisâ-sheet network in prothrombin
may be due to solvent exclusion by fragment 2, since it was
seen to bind at this site (ABE2) in the cocrystal structure
(5). This cannot be said, however, for prethrombin-2, which
does not contain fragment 2. Thus, our results show that a
change in dynamics of an entire side of the active site occurs
as a result of cleavage of the Arg320-Ile321 peptide bond.
Cleavage of this peptide bond causes the entireâ-sheet
network (residues117-132, 85CT-99CT, and residues 139-
149, 106CT-116CT) and the C-terminal helix (residues 276-
292, 228CT-244CT, and residues 281-293, 233CT-245CT)
to become more dynamic.

The situation was somewhat different for meizothrombin,
which still has the pro domain, but which has already been
cleaved at the Arg320-Ile321 peptide bond. In meizothrom-
bin, ABE1 was as dynamic as in active thrombin, indicating
that zymogen cleavage forms ABE1 to its fully dynamic
state. The 90sCT loop in meizothrombin, however, still
showed somewhat slower exchange than in fully active
thrombin. This could be due either to incomplete dynamic
changes, as was seen for prethrombin-2, or to surface
interactions with fragment 2, which is still present in
meizothrombin and could simply be occluding solvent
accessibility to this loop, or both. These results suggest that
fragment 2 is also bound to ABE2 in meizothrombin, as was
observed for the cocrystal of thrombin with fragment 2 (5).
Our results are consistent with the observation that both
thrombin and meizothrombin are inhibited by antithrombin
III (ATIII), but only the thrombin-ATIII interaction is
accelerated by heparin. This makes sense because, in
meizothrombin, the heparin binding site, ABE2, is blocked
by fragment 2 (12). Heparin cofactor II inhibition of
meizothrombin is accelerated by heparin, because the
complex of heparin cofactor II and heparin binds only to
ABE1, which our results show is in its fully binding-
competent dynamic state in meizothrombin (13).

It is important to note that Asp102CT is located just four
residues further along this loop, and the fact that the amide

FIGURE 7: Amide H/2H exchange in bovine meizothrombin. (A)
On-exchange into residues 96-116 (peptide MH+ 2586.48) of
thrombin (O) and meizothrombin (]). (B) On-exchange into
residues 117-132 (peptide MH+ 2102.12) of thrombin (O) and
meizothrombin (]). (C) On-exchange into residues 139-149
(peptide MH+ 1311.82) of thrombin (O) and meizothrombin (]).
(D) On-exchange into residues 252-262 (peptide MH+ 1367.65)
of thrombin (O) and meizothrombin (]).

FIGURE 8: Structure of PPACK thrombin (24) with loops colored
according to the change in amide H/2H exchange seen upon
activation of thrombin. The catalytic triad residues (H57CT, D102CT,
and S195CT) are shown as sticks and in green, and these indicate
where the active site is located, between the twoâ-barrels. The
location of each anion binding exosite is indicated. Loops in red
become more dynamic upon thrombin activation. Loops in blue
become less dynamic upon thrombin activation.
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H/2H exchange experiments show large differences in this
region may hint at the mechanism by which the catalytic
residues cannot fully attain their active conformations in the
zymogen forms. It is possible that correct positioning of
Asp102CT is required for correct positioning of His57CT and
subsequently Ser195CT and that this positioning may require
dynamic motions that accommodate induced fit movements
upon substrate binding.

Regions Near Ser195CT Are Less Dynamic in ActiVe
Thrombin.Although we did not have a peptide that covered
Ser195CT, the amide H/2H exchange experiments were able
to probe segments near the catalytic site. It is interesting to
note that while the region around Asp102CT appeared to lack
necessary dynamic motions in the zymogen forms, the region
around Ser195CT appeared to be too dynamic. The autolysis
loop, corresponding to residues 166-180 (Leu130CT-
Leu144CT), which runs along the backside of the strand
containing Ser195CT, showed significantly more amide H/2H
exchange in the zymogen forms. This region of thrombin is
disordered both in the prethrombin-2 crystal structure and
in the structure of thrombin bound to prothrombin fragment
2 (5, 6). Interestingly, it is also more disordered in the Na+-
free form of thrombin (21). It is likely that the conformation
of this loop affects the activation state of the enzyme due to
its proximity to Gly193CT, which is known to be important
in the formation of the oxyanion hole.

The sodium binding site, corresponding to residues 260-
275 (Ile212CT-Phe227CT), was probed by taking advantage
of a new TCEP reduction protocol (T. M. Sabo and M. C.
Maurer, Biochemistry, in press). At the shortest exchange
times (30 s and 1 min) this peptide showed somewhat faster
exchange in prethrombin-2 than in active thrombin. This
again suggests that the active site may not be well-formed
but instead may be too dynamic in the zymogen forms.
Interestingly, no differences in H/2H exchange of the Na+-
binding site were observed when we compared meizothrom-
bin to active thrombin. This result is consistent with the
observation that although meizothrombin has deficient
fibrinogen clotting activity, it can attain full activity toward
protein C in the presence of thrombomodulin so it must be
able to properly structure its catalytic residues under some
conditions (22).

Conclusions.For some time now it has been known that
no large conformational changes accompany the conversion
of zymogen forms of serine proteases to active proteases.
The DSC experiments show that none of the zymogen forms
differ appreciably from active thrombin in overall stability.
By comparing prothrombin, prethrombin-2, meizothrombin,
and active thrombin the origin of the partial activity of
meizothrombin was discerned. By comparing prethrombin-2
to active thrombin, we were able to observe the vast and
striking dynamic changes that occur throughout the thrombin
molecule when the single peptide bond is cleaved upon
activation. Indeed, it appears that half of the loops surround-
ing the active site become more dynamic and half become
less dynamic when the zymogen is converted to the active
serine protease. A dynamic compensation model is most
consistent with all of the data. In this model, the binding
loops including ABE1 and the substrate-specificity pocket
(90sCT loop) become more dynamic. In contrast, the loops
that surround the catalytic machinery, including the autolysis

loop and the Na+-binding site, which must be precisely
positioned for catalytic activity, become less dynamic.
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