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Regulation of thrombin activity is critical for haemostasis and
the prevention of thrombosis. Thrombin has several procoagulant
substrates, including fibrinogen and platelet receptors, and essen-
tial cofactors for stimulating its own formation. However, throm-
bin is also capable of serving an anticoagulant function by activ-
ating protein C. The specificity of thrombin is primarily regulated
by binding to the cofactor TM (thrombomodulin), but co-ordi-
nation of Na* can also affect thrombin activity. The Na*-free form
is often referred to as ‘slow’ because of reduced rates of cleavage
of procoagulant substrates, but the slow form is still capable of
rapid activation of protein C in the presence of TM. The molecular
basis of the slow proteolytic activity of thrombin has remained
elusive, in spite of two decades of solution studies and many pub-
lished crystallographic structures. In the present paper, we report
the first structure of wild-type unliganded human thrombin grown

in the absence of co-ordinating Na*. The Na*t-binding site is ob-
served in a highly ordered position 6 A (1 A=0.1 nm) removed
from that seen in the Na*-bound state. The movement of the Na*
loop results in non-catalytic hydrogen-bonding in the active site
and blocking of the S1 and S2 substrate-binding pockets. Similar,
if more dramatic, changes were observed in a previous structure
of the constitutively slow thrombin variant E217K. The slow
behaviour of thrombin in solutions devoid of Na* can now be
understood in terms of an equilibrium between an inert species,
represented by the crystal structure described in the present paper,
and an active form, where the addition of Na*t populates the active
state.
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INTRODUCTION

The importance of thrombin is underscored by its position as the
final serine protease that is generated in the blood coagulation
cascade. Thrombin serves multiple functions in haemostasis, the
generation of a blood clot (for reviews, see [1,2]), including cleav-
age of fibrinogen into its polymerogenic form fibrin, activation
of platelets through cleavage of protease-activated receptors and
stimulation of its own formation through cleavage activation of es-
sential cofactors V and VIII. Thrombin also stabilizes fibrin clots
through activation of Factor XIII, which cross-links fibrin poly-
mers, and of TAFI (thrombin activatable fibrinolysis inhibitor),
which inhibits the proteolytic breakdown of clots. However,
thrombin can also act as an anticoagulant through activation of
protein C, when bound to the endothelial cell-surface cofactor TM
(thrombomodulin) [3]. Activated protein C shuts down thrombin
formation through cleavage inactivation of Factors Va and VIIIa
(for areview, see [4]). This complex network of thrombin activities
is co-ordinated through competition for exosites on the surface of
thrombin (for reviews, see [5,6]), and may also involve changes in
specificity caused by cofactor-induced alteration of the active-site
properties of thrombin. Although the structure of thrombin bound
to TM did not reveal any active site conformational change [7],
the structure was solved in the presence of an active-site inhibitor,
and recent solution studies support a role of allostery in increasing
the rate of protein C cleavage [8,9]. It has also been shown
that thrombin specificity can be altered by co-ordination to the
univalent cation sodium (Na'). In the absence of Na*, thrombin
cleaves its prothrombotic substrates with reduced efficiency
(7-fold for fibrinopeptide A), but is still capable of efficient
cleavage of protein C when bound to TM [10]. Na*-free thrombin
is thus considered to be an anticoagulant because of the reduced

ability to cleave procoagulant substrates, while ability to activate
protein C in the presence of TM is retained. The Na*-free and Na*-
bound forms have become known as ‘slow’ and ‘fast’ thrombin
[11] respectively, and many solution and crystallographic studies
have been carried out to endeavour to discern the molecular basis
for their observed catalytic differences.

Solution studies have established that the slow form has a
constricted active-site cleft with several aromatic side chains in
altered conformations [11-15]. Of particular importance is the
proven involvement of Trp*"® (template numbering is based on
chymotrypsin [16]) which changes its quantum yield upon Na*
co-ordination, accounting for all of the observed 10-18 % in-
trinsic fluorescence enhancement [17]. Nat is octahedrally co-
ordinated to the two main-chain oxygen atoms of residues Arg?'®
and Lys? and four water molecules [18,19], and mutations
in and adjacent to the Na*-binding loop have been made to create
constitutively slow variants of thrombin for possible therapeutic
use. Thus the E217K thrombin variant was discovered by scanning
[20] and saturation mutagenesis [21], and was found to cleave
fibrinogen 270-fold less efficiently than wild-type, while retaining
near-wild-type activity towards protein C when bound to TM.
Similar properties have been described for the double mutant
W215A/E217A [22,23].

Recently, three structures of thrombin variants have been re-
ported which were claimed to represent the slow form. In two
reports, Na™ was excluded from the crystallization condition for
thrombin variant R77aA, in the absence and presence of PPACK
(D-Phe-Pro-Arg chloromethylketone) [24,25]. The authors con-
cluded that the structures represented slow thrombin based solely
on the exclusion of Na* from the crystallization buffer; however,
the structures were essentially indistinguishable from those of
Na*-co-ordinated thrombin. We have published two structures
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of thrombin variants with structural features consistent with the
observed biochemical properties of slow thrombin. The structure
of S195A thrombin revealed an altered configuration of side
chains for residues Trp®™, Cys'®, Cys'™?, Trp?'® and Phe?”’, leading
to a constriction of the active-site cleft in the region of the aryl
binding pocket (S2—S4 positions) [26]. This was followed by the
structure of the constitutively slow variant E217K which shared
the features of S195A and also revealed non-catalytic hydrogen
bonding in the active site caused by a repositioning of the Na*-
binding loop [27].

In the present paper, we report the 1.93 A (1A=0.1nm)
structure of wild-type human thrombin solved from crystals grown
in the absence of co-ordinating univalent cation. The structure is
similar to that of E217K thrombin, revealing blocked S1 and S2
pockets and an altered non-catalytic hydrogen-bonding network
in the active site.

EXPERIMENTAL
Escherichia coli expression of human thrombin

Human prethrombin-2 was expressed and refolded with some
modifications to previously described methods [28,29]. Briefly,
cDNA corresponding to the prethrombin-2 sequence was cloned
from IMAGE clone ref. 6283420 and subcloned into pET23(+4)
vector (Novagen) pre-digested with HindIIl and EcoRI. After
transformation of the prethrombin-2 vector into E. coli strain
BL21(DE3)pLysS, cells were cultured at 37°C in 2 x TY (tryp-
tone/yeast extract) broth with 50 pg/ml ampicillin and 34 pg/ml
chloramphenicol to a Dsys of 0.6, followed by induction with
1 mM IPTG (isopropyl B-D-thiogalactoside) for 4 h. Harvested
cells were stored at —80°C. Thawed cell pellets (typically from
2 litres of cell culture) were lysed in 20 mM Tris/HCI, 1 % (v/v)
Triton X-100, 20 mM EDTA and 20 mM DTT (dithiothreitol),
pH 7.4, and sonicated on ice in 10-s bursts for a total of 5 min.
After centrifugation at 20000 g for 20 min, inclusion body pellets
were sequentially washed, then centrifuged, with 20 mM Tris/
HCI, 20 mM EDTA and 20 mM DTT, pH 7.4, first containing
1% (v/v) Triton X-100, then containing 1.0 M NaCl, and finally
with 20 mM Tris/HCI and 20 mM EDTA, pH 7.4, alone. The
washed pellet was resuspended in 20 ml of 7.0 M guanidinium
chloride, 20 mM Tris/HC1, 0.5 mM EDTA and 20 mM DTT,
pH 8.0, then desalted into 6 M guanidinium chloride, 20 mM
Tris/HCI and 0.5 mM EDTA, pH 8.0, and glutathione was added
to final concentrations of 5 mM reduced glutathione and 2 mM
oxidized glutathione, before incubation at room temperature for
3 h. After adjusting the pH to 5.0, the solubilized protein was
dialysed against 6.0 M guanidinium chloride and 20 mM EDTA,
pH 5.0. Refolding was initiated by rapid dilution dropwise into
100 vol. of 50 mM Tris/HCl, 0.6 M arginine, 20 mM CaCl,,
10% (v/v) glycerol and 0.2% (v/v) Brij58, pH 8.5, at room
temperature for 24 h. The refolded protein was concentrated
to 100 ml using a 10000 Da molecular mass cut-off VivaFlow
200 module (VivaScience), then dialysed twice against 5 litres of
25 mM Tris/HCl, 2 mM EDTA, 0.1 % (v/v) PEG [poly(ethylene
glycol)] 6000 at 4°C overnight. The precipitate was removed by
centrifugation and filtration before purification of the correctly
folded prethrombin-2 on a 5ml heparin—Sepharose column
(Amersham Biosciences) eluting with a gradient of 0-1.0 M
NaCl. The elution position of the correctly folded prethrombin-2
was determined by measuring the amidolytic activity towards the
chromogenic substrate S-2238 (Chromogenix) after activation of
a sample of each fraction with snake venom from Echis carinatus.
The peak was pooled, diluted 5-fold in 50 mM Tris/HCI,
pH 7.4, and re-purified on heparin—Sepharose. Prethrombin-2 was
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activated by incubation for 3 h at 37°C with snake venom from
E. carinatus (10 % by mass) that had been pre-treated with PMSF
to inhibit serine protease activity. After 5-fold dilution with
50 mM Tris/HCI, pH 7.4, thrombin was purified on a heparin—
Sepharose column as above. Correct refolding of the protein was
verified by its ability to form a stoichiometric SDS-stable complex
with antithrombin (results not shown).

Crystallization, data collection and refinement

Active thrombin eluted from the final heparin—Sepharose column
at approx. 650 mM NaCl. The peak was immediately and ex-
haustively dialysed against 20 mM Tris/HCI and 650 mM LiCl,
pH 7.4, then concentrated to 5.7 mg/ml using a 2 ml 10000 Da
molecular-mass cut-off VivaSpin concentrator (VivaScience).
Crystallization was by vapour diffusion in hanging drops consist-
ing of 2 ul of thrombin and 2 ul of precipitant solution [24 %
(v/v) PEG 3350 and 250 mM magnesium acetate]. Diffraction-
quality crystals grew within 2—3 days, and data were collected on
the seventh day after crystal trials were established. The volume
of the crystallization drops (4 ul) remained unchanged for up
to 2 months, so that the conditions under which crystals were
obtained were 2.85 mg/ml thrombin, 10 mM Tris/HCl, 325 mM
LiCl, 125 mM magnesium acetate and 12 % (v/v) PEG 3350,
pH 7.0. Crystals were washed, dissolved in SDS sample buffer and
run on SDS/PAGE to verify that they were composed exclusively
of intact «-thrombin. Crystals were cryoprotected in 300 mM
LiCl, 160 mM magnesium acetate, 22 % (v/v) PEG 3350 and
10% (v/v) glycerol before flash-cooling to 100 K in a nitrogen
vapour stream. Low- and high-resolution datasets were collected
from a single crystal that had been annealed by blocking the
cryostream three times for 3 s, followed by a fourth 10-s anneal
at the Daresbury Synchrotron Radiation Source (Warrington,
Cheshire, U.K.) station 9.6. The data were processed using
Mosflm, Scala and Truncate [30]. The structure was solved by
molecular replacement using the program MolRep [31] with the
original PPACK-bound thrombin structure [16] (PDB accession
code 1PPB) as the search model, and two molecules were placed
in the asymmetric unit. After rigid body refinement, initial maps
were generated by cycling between the automated model building
utility of ARP/wARP [32] and refinement using Refmac [33].
The first rebuild in XtalView [34] was conducted on the template
thrombin structure (PDB accession code 1XMN) [35] using the
map produced by ARP/WARP, in order to minimize potential
model bias. Further refinement was conducted using the program
CNS [34] (version 1.0), and NCS restraints were not used.
Data processing and refinement statistics are given in Table 1.
The structure of thrombin bound to the C-terminal hirudin pep-
tide (hirugen, PDB accession code 1HAH [36]) was chosen to
represent fast thrombin because it was isomorphous to the crystal
from which the Na*-binding site was first identified [19], and
because it has a free active-site cleft. It thus represents an
allosterically activated thrombin structure through occupation of
both the Na™ site and exosite I. Figures were made using Bobscript
[37], Raster3D [38] and Spock.

RESULTS AND DISCUSSION
Crystallization

Of the more than 150 structures of thrombin deposited in the
PDB, none are of wild-type thrombin in the absence of an active
site or exosite inhibitor. The proclivity of thrombin to undergo
autolysis has necessitated the use of inhibitors or mutagenesis
under the high concentrations and long incubation times required
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Table 1 Data processing, refinement and model (PDB accession code
2AFQ)
Parameter Value
Crystal
Space group . P2,2:2
Cell dimensions (A) a=153.34 b=282.31 ¢=50.93
Solvent content (%) 41.8

Data processing statistics

Wavelength (A) 0.87 (SRS Daresbury, Station 9.6)

Resolution (A) 50.90-1.93 2.03-1.93
Total reflections 403365 47912
Unique reflections 49378 7065
Multiplicity 8.2 6.8
(I/a (1)) 438 1.1
(/o ((1)) 14.6 3.0
Completeness (%) 99.9 994
Rinerge™ 0.10 0.55
Model

Atoms in asymmetric unit:

Protein 4486

Water 478

Glycerol molecules 9
Average B-factor (A%) 26.9

Refinement statistics 20-1934 2.05-193 4

Reflections in working/free set 47766/1513 7555/250
R-factort/R-free (%) 19.7/22.9 25.9/29.2
R.M.S.D. of bonds (A)/angles (°) 0.006/1.3

from ideality
Ramachandran plot; residues in:

Most favoured region (%) 874

Additionally allowed region (%) 1.9

Generously allowed region (%) 0.2

Disallowed region (%) 0.4 (Cys®0)
* Rinerge = Znii il — (i) [/ Zi Zi () -

+ R-factor = Sy Fovs| — [Featcl/Zhwi| Fobs|-

to form protein crystals. Indeed, for the wild-type human thrombin
produced in our E. coli expression system, we also observed
autolysis with a half-life of 48 h at 37°C in the presence of
saturating Na* (3.6 mg/ml thrombin at pH 7.4; results not shown).
In the absence of Na*, thrombin was still susceptible to autoly-
sis, and under conditions used for crystallization (2.85 mg/ml,
325 mM LiCl, 125 mM magnesium acetate and 10 mM Tris/HCl,
pH 7.0, and 21 °C) the half-life corresponded to ~ 6 days (results
not shown). However, crystals grew to full size within 2-3 days
and were found to contain only uncleaved material by SDS/PAGE
(results not shown). Although there is a reported K 4 for the binding
of Li* to thrombin [39,40], older literature and recent biophysical
studies have concluded that thrombin structure and activity are not
affected by lithium salts [14,15,41]. In addition, we have recently
solved the structure of S195A thrombin (bound to antithrombin
and heparin) at 320 mM Li* [42], and, although the Nat-
binding site was formed, no density corresponding to co-ordinated
univalent cation was observed (see Supplementary Figure 1S at
http://www.BiochemJ.org/bj/392/bj3920021add.htm). In order to
determine whether, under our current crystallization conditions,
Li* would be expected to occupy the Na*-binding site, we con-
ducted titrations of Li* and Na™ into solutions containing throm-
bin and MgCl,. We found that, although Na* affinity and fluor-
escence enhancement were normal, no Li* binding was detected
up to 500 mM (see Supplementary Figure 2S at http://www.
Biocheml].org/bj/392/bj3920021add.htm). Thus the crystals we
obtained were of intact wild-type human thrombin grown in the
absence of co-ordinating univalent cation.

Overall structure

From a single flash-cooled crystal we obtained high-quality
diffraction data to 1.93 A resolution. Molecular replacement re-
vealed two thrombin molecules in the asymmetric unit, and, as
each monomer consists of a light and a heavy chain, the two
monomers were denoted AB and CD to reflect the chain identifi-
cations. All of the subsequent structural analysis applies equally to
the two monomers in the asymmetric unit. Interestingly, the only
glycosylation site on thrombin, Asn®®, was found to mediate a
crystal contact for monomer AB, indicating that the crystals could
not have formed from glycosylated thrombin. The two monomers
were essentially identical with respect to backbone conform-
ation in regions containing secondary structure [R.M.S.D. (root
mean square deviation) of 0.41 A] and were also identical in
these regions with thrombin structures commonly thought of as
representing fast thrombin (R.M.S.D. of 0.7 A for 1PPB, the
original PPACK-bound thrombin structure, and for IHAH, active-
site free thrombin inhibited by the C-terminal hirudin peptide
[36]). However, significant differences in the flexible surface
loops resulted in Cax R.M.S.D.s of approx. 3 A when comparing
monomer AB with CD, 1PPB or IHAH. When the flexible light
chain was removed from the calculation, this value reduced to
0.77 A for CD and approx. 2 A for 1PPB and 1HAH. The Ca
trace of AB coloured according to R.M.S.D. with 1HAH is given
in Figure 1(A). The regions which commonly differ between
thrombin structures are the N-terminal light chain, the C-terminus
and the two loops which frame the active site, the 60-loop and
the y-loop (also known as the 147-loop or the autolysis loop).
Indeed, the y-loop is entirely disordered in both AB and CD,
with no density observed for residues 143-152, although the
presence of the intact loop was verified by SDS/PAGE (results
not shown). The lack of density for the y-loop in this structure
is consistent with its increased proteolytic susceptibility in the
absence of co-ordinated Nat [15]. Importantly, several other
regions are found in conformations which deviate from those
found in fast thrombin. The Na*-binding loop (Cys*’~Tyr***) has
shifted 6 A (Asp®), and the adjacent 186-loop has moved 5 A
(Lys'"*%). Movement of the Na*-binding loop has also affected
the conformation of the active-site loop (Gly'**~Ser') because
of their covalent connection through the disulphide bond between
Cys* and Cys"'. This shift has been observed previously in the
structure of the recombinant slow thrombin variant E217K [26].
The overall flexibility of thrombin has been shown to increase
in the absence of co-ordinated Na* [15], and, consistent with this
finding, we observed several regions with high B-factors (Fig-
ure 1B). Interestingly, these regions correspond to those which
have shifted conformation with respect to fast thrombin (Fig-
ure 1A). An inability to model the y -loop represents a significant
increase in mobility, while more modest increases in modelled re-
gions are coloured according to their B-factor. The two loops ad-
jacent to the Na*-binding loop (the 186-loop and the y-loop) are
highly disordered, with density lacking for the entire y-loop, and
the 186-loop difficult to model in the poor density. Both loops form
stabilizing contacts with the Na*-binding loop in the fast form,
but the repositioning of the Na* loop observed in the present study
has broken the contacts. Interestingly, the Na*-binding and active-
site loops are not highly mobile, in spite of a significant shift in
their conformations. This suggests a concerted flipping between
two stable conformations for these loops, with two distinct sets of
stabilizing contacts. The high-quality electron density for this
region and the observed network of hydrogen bonds support
this hypothesis (see Figure 2). Another region for which shift
in position does not correlate with high B-factor is exosite I.
TM binds at exosite I with high affinity and can convert slow
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Figure 1

Structural comparison of Na*-free wild-type thrombin with fast thrombin

(R) The stereo representation of the Cer trace of monomer AB coloured according to R.M.S.D. with thrombin in its normal fast conformation (1HAH) reveals an overall conserved fold, but with
significant conformational changes in certain regions. The colour ramp is from 1to 3 AR.M.S.D., from grey to red. Thrombin is shown in the standard orientation, with disulphide bonds in yellow, sig-
nificant regions labelled, and the active-site Ser'®® represented as a green ball. (B) Stereo representation of the Cer trace of monomer AB (ig the same orientation as above, with the green ball
representing Ser'®, and yellow rods indicating disulphide bonds), coloured according to B-factor, from grey to red for B-factors from 20 to 40 A, Exosite | is indicated by the oval.

thrombin into an effective activator of protein C. The allosteric
change induced by TM binding to slow thrombin is equivalent to
the change induced by hirugen (which also binds in exosite I), by
Na™ or by active-site inhibitors [13]. The mobility of exosite I ob-
served in AB could explain the allosteric effect of exosite I-
binding ligands on slow thrombin.

The active site

Thrombin in the absence of Na* co-ordination is ‘slow’ due to
an increased K, and decreased k., towards peptide and protein
substrates. These features are explained nicely by the active-site
conformation observed in this structure. Active-site residues 57,
191-195 and 214-221 are shown in Figure 2(A), with 2F,—F,
electron density contoured at twice the R.M.S.D. of the map
(20) to illustrate the high quality of the structure in this region.
The low B-factors and high-quality density are due to a network
of hydrogen-bonding interactions, shown in Figure 2(B), which
result in a significant blocking of the active-site cleft and a
rearrangement of the active-site geometry. Glu'®* has shifted
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approx. 3 A to make a water-mediated hydrogen bond between
its side chain oxygens and the side chains of Ser'”® and His*’
and the main-chain oxygen of Ser**, and a direct hydrogen bond
with main-chain nitrogen of Gly*°. In addition, the backbone
conformation of Glu'®* now places the main-chain oxygen in posi-
tion to hydrogen-bond with both the side chain and main chain of
Ser', thus rendering Ser' non-catalytic. The oxyanion hole is
also significantly reordered in this structure, with the main-chain
nitrogen of Ser'®> hydrogen-bonded to the main-chain oxygen of
Glu'*?, and, additionally, the movement of Glu'®> has reoriented
Gly'"® so that it hydrogen-bonds to Asp?' (through a water
molecule). This new active-site hydrogen-bonding configuration
explains the significantly reduced k., of thrombin in the absence
of co-ordinated Na*. The increased K, is similarly explained.
Figure 3 shows surface representations of thrombin in the stan-
dard orientation (active-site-facing, so that substrates bind from
left to right from N- to C-termini). A comparison of fast
thrombin (1HAH; Figure 3A) with that of thrombin monomer AB
(Figure 3B) reveals a constriction of the S1 and S2 pockets which
would cause extensive steric overlap with the P1 and P2 residues
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Figure 2 The active site of Na*-free wild-type thrombin is non-catalytic

(A) The stereo representation of electron density (blue) surrounding residues 57, 191-195 and 214-221 contoured at 2o indicates the high quality of the structure in the active-site region. Carbon
atoms are shown in yellow, oxygen in red, nitrogen in blue, sulphur in green, and waters are magenta. (B) The hydrogen-bonding interactions in the active site are extensive and non-catalytic (green
broken lines). Of particular importance for the activity of thrombin is the movement of Glu'®, which results in a main-chain hydrogen bond to the side-chain Hy and main-chain N-H of Ser'®,
and the flipping of the oxyanion hole partner Gly'®. The atoms which normally constitute the oxyanion hole (Gly' and Ser'® nitrogens) are indicated by arrows. (C) A superposition of the same
active-site residues for Na*-free wild-type thrombin (yellow), recombinant slow thrombin E217K variant (cyan) and normal fast thrombin (magenta) illustrates the radical nature of the active site
perturbations caused by the absence of Na*. The active-site geometry is similarly perturbed for the E217K variant, but the perpendicular orientation of the side chain of Trp2'S further blocks the active
site. The orientation of the Trp?'® side chain in Na*-free thrombin is parallel to that of fast thrombin, but has flipped 180° to form a hydrogen bond with GIu?'7 (see B).

of a potential substrate. Thus the structure of Na*-free thrombin
presented here has an altered active-site architecture leading to a
non-catalytic hydrogen-bonding network and the steric blocking
of the substrate-binding pocket.

We recently solved a structure of the constitutively slow
thrombin variant E217K, shown for comparison in Figure 2(C),
in which we observed a similar occlusion of the active site

cleft due to the movement of the Na*-binding loop and residue
Glu'®?. Although the oxyanion hole was disrupted by the same
interactions, the active-site Ser'>> was observed in direct contact
with the side chain of Glu'®?. The effect was a somewhat more
dramatic blocking of the S1 pocket (Figure 3C). In addition,
Trp*'"® was observed in a perpendicular orientation to its normally
observed conformation, resulting in a partial obstruction of the
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Figure 3 Surface representations of thrombin reveal the blocking of the substrate-binding pocket

(A) A stereo view of the surface of fast thrombin (PDB accession code 1HAH; coloured green for hydrophobicity), in the standard orientation, shows an open active-site cleft which is competent in
binding a substrate peptide (shown here as rods is the P4-P2’ region of the reactive centre loop of HCII from PDB accession code 1JMO). The active site is indicated by colouring the 0y atom
of Ser'® red, and the aryl-binding pocket is indicated in a similar fashion by colouring the entire Trp?"® residue cyan. (B) In contrast, the active-site cleft of Na*-free wild-type thrombin is in a
more closed conformation with the S1 and S2 pockets significantly blocked. The restriction is evident from the overlap of the substrate and the burying of the catalytic serine (red). (C) The same
representation of recombinant slow thrombin (E217K) shows an even greater occlusion of the active site, and the further blocking of the aryl-binding pocket (52—-S4) by the reorienting of the Trp?'
side chain (cyan).

© 2005 Biochemical Society
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aryl-binding pocket (S2—-S4) (Figure 3C). We observed a similar
orientation of Trp*® in an earlier structure of SI95A thrombin
[25]. In the structure presented here, we do not see an obstruction
of the aryl-binding pocket, as Trp*" is in a parallel configuration.
However, as seen in Figure 2(C), the side chain of Trp*” is
flipped 180° with respect to its conformation in fast thrombin. The
reason for this new conformation is a hydrogen bond with Glu?",
illustrated in Figure 2(B). This interaction cannot be formed by
the E217K variant, causing Trp?" to adopt a conformation which
further occludes the active-site cleft and helps explain the reduced
activity of the variant relative to Na*-free wild-type thrombin.

Conclusions

The structure of wild-type human thrombin in the Na*-free
state presented here is consistent with the properties ascribed
to the slow form of thrombin: (i) it has a more closed active-
site cleft with the blocking of the S1 and S2 pockets, explaining
the increased K,; (ii) the active site is found in a non-catalytic
hydrogen-bonding network, explaining the reduced k.,; (iii) Trp*'?
is in a conformation different from that of the fast form, explaining
the change in fluorescence quantum yield; (iv) the surface loops
are more flexible, consistent with recent biochemical data [15];
and (v) the Na*-binding loop is in a different conformation to that
found in the Na*-bound state. In addition, the structure of Na*-
free wild-type thrombin is similar to that of the recombinant slow
thrombin variant E217K. These structures suggest that the poor
catalytic efficiency of thrombin in the absence of Na* reflects
an equilibrium between an inert state, like that described here,
and an active state, where the effect of Na* addition is to pull
the equilibrium towards the right and promote population of the
active state. Stopped flow data support the equilibrium model by
demonstrating that one-third of thrombin in the absence of Na*
was incapable of binding to either Na* or an active-site inhibitor
[13]. High concentrations of Na* or inhibitor resulted in the same
limiting rate, which was interpreted to be the zero-order rate
of conversion of the inert state to a binding-competent state. The
conformation of the active state has been known for decades; that
of the inert state has now been revealed.
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