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Abstract 

When Na+ binds to thrombin, a conformational change is induced that renders the enzyme kinetically faster and more 
specific in the activation of fibrinogen. Two Nat binding sites have here been identified crystallographically by exchanging 
NaC with Rb+. One is intermolecular, found on the surface between two symmetry-related thrombin molecules. Since it is 
not present in thrombin crystal structures having different crystal systems, the other Na + site is the functionally relevant one. 

The second site has octahedra1 coordination with the carbonyl oxygen atoms of Arg22lA and Lys224 and four conserved 
water molecules. It is located near Asp189 of the S I specificity site in an elongated solvent channel (8 X I8 A> formed by 
four antiparallel P-strands between Cys l82-Cys I9 1 and Va12 IS-Tyr228. This channel, extending from the active site to the 
opposite surface of the enzyme, was first noted in the hirudin-thrombin structure and contains about 20 conserved water 
molecules linked together by a hydrogen bonding network that connects to the main chain of thrombin. Although the 
antiparallel P-strand interactions of the functional Nat binding site are the same in prethrombin2, the loops between the 
strands are very different, so that Asp189 and Arg22lA are not positioned properly for either substrate or I%a+ binding in 
prethrombin2. A water molecule with octahedral coordination has also been identified in factor Xa at the topologically 
equivalent Na+ site position of thrombin. Since activated protein C shows enhanced activity with monovalant cation 
binding, the same position is probably utilized by Naf. Since thrombin crystals could not be grown in the absence of Na+. 
the cation was leached from Na+-bound thrombin crystals by diffusion/exchange. Although both Na+ and their 
coordinating water molecules were removed from the Na+ binding sites, the remainder of the thrombin structure was, 
unexpectedly, the same. The lack of an allosteric change is most likely attributable to crystal packing effects. Thus, the 
structure of the slow form remains to be established crystallographically. 

Kevn~~rds: Thrombin; Na+ binding; Allosteric change; Past/slow forms 

1. Introduction 

The interaction of thrombin with fibrinogen in- 
volves binding at a fibrinogen recognition site, an 

exosite that is dominated by a high population of 
basic residues [l-4], separate from but generally 
operative in concert with the active site. This binding 
site is also the locale for the interaction of thrombo- 
modulin I.51 heparin cofactor II [6] and thrombin 

Abbreviations: PPACK-Throm, D-PheProArg chloromethyl 
ketone derivative of a-thrombin; Hir-Throm, hirugen (sulfato 
Tyr63-hirudin53-64)-thrombin 

* Corresponding author. 

platelet receptor [7]. Formation of the thrombomod- 
ulin-thrombin complex directly curtails the capacity 
of thrombin to convert fibrinogen to fibrin and to 
activate blood platelets [8,9]. Although peptide lig- 
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ands specific for the fibrinogen exosite generally 
possess a highly anionic character, the specificity of 
the interaction with the site appears to reside in 
hydrophobic components of the ligands and throm- 
bin [3,10-121. 

Binding at the fibrinogen recognition site affects 
the conformational state of thrombin [ 13,141, its 
catalytic activity[ 15,161 and its specificity [ 17- 191. 
Although the mechanism by which binding to the 
fibrinogen exosite translates into structural changes 
at the active site remains unknown, the active site 
changes that occur have been determined by compar- 
ing the structures of a number of different isomor- 
phous active site and fibrinogen exosite inhibited 
complexes of thrombin [20]: the conformational 
changes induced by exosite binding are relatively 
small. 

It has been shown that monovalent cations bind to 
thrombin and enhance activity by affecting Km and 
k,,, 1211. An important structural transition of throm- 
bin has been identified when Na+ binding to a single 
site of the enzyme induces an allosteric conforma- 
tional change from the slow (Na+-free) to the fast 
(Na+-bound) form [22], which is also accompanied 
by spectroscopic changes [23]. Under physiological 
conditions, the two different forms are significantly 
populated. The slow to fast transition is a key step of 
molecular recognition by thrombin, since fibrinogen 
binds to the fast form with higher affinity [24] and is 
cleaved with higher specificity while the slow form 
activates the anticoagulant protein C more specifi- 
cally [25]. The conformational change on Na+ bind- 
ing to the enzyme is also related to the allosteric 
regulation of the active site by the fibrinogen recog- 
nition exosite [23]. The Na+ binding site was first 
identified crystallographically (without much detail) 
in the PPACK-Throm structure, where it is located in 
a long water solvent channel near the Sl specificity 
site [26]. 

We present here the Na+ binding site of thrombin 
in Hir-Throm crystals and describe its solvent envi- 
ronment, which is conserved in other binary isomor- 
phous and ternary Hir-Throm complexes inactivated 
at the active site. The site displays octahedral coordi- 
nation involving two carbonyl oxygen atoms of the 
protein and four highly occupied, conserved water 
molecules. Since the electron density of a Na+ and a 
water molecule are nearly equivalent crystallographi- 

tally, the site has also been identified as an octahe- 
drally coordinated water molecule in over 20 differ- 
ent thrombin active site inhibited or fibrinogen ex- 
osite occupied structures (unpublished results of this 
laboratory). The site is near Asp1 89 of the specificity 
site of thrombin, 2/3 of the way along an elongated 
channel extending from an entrance close to the 
catalytic site (Sl specificity subsite) through the 
thrombin molecule to the opposite surface of the 
enzyme. The cylindrical-like cavity is formed by 
four antiparallel B-strands within Cysl82-Cys 19 1 
and Va1213-Tyr228 of the B-chain of thrombin 
[3,25]. The channel is further shaped by the 
loops/turns connecting the B-strands. Very signifi- 
cantly, the channel is occupied by about 20 water 
molecules [3], most of which are conserved in differ- 
ent thrombin structures and are linked together by a 
hydrogen bonding network, which ultimately con- 
nects to the main chain of the enzyme. The Naf 
binding site of Hir-Throm is also compared with that 
of PPACK-Throm, from which it differs. 

2. Materials and methods 

Small crystals of Hir-Throm were grown by vapor 
diffusion methods as described previously [27] and 
enlarged for X-ray diffraction studies using repetitive 
macroseeding techniques. A solution containing equal 
volumes of 5 mg/ml thrombin (incubated with a 
IO-fold molar excess of hirugen), 0.1 M sodium 
phosphate buffer (pH 7.3), 0.375 M NaCl, 
1 mM NaN,, and a well solution of similar composi- 
tion but with 26% PEG 8000, was equilibrated against 
the well solution. Small crystals appeared in about 
one week and were transferred as seeds to a previ- 
ously equilibrated hanging drop for enlargement. The 
size of crystals obtained in this way ranged up to 
0.6 X 0.3 X 0.3mm; crystals were stored in a 30% 
PEG 8000 solution, 0.1 M phosphate buffer (pH 7.3), 
0.185M NaCl, 1 mM NaN,. 

The dissociation constants of Na’ and Rbf with 
thrombin at 25°C are 22 and 350mM respectively 
[22]. Crystals of Hir-Throm grown from phosphate 
buffer with 0.19 M NaCl are identical to those grown 
from 0.1 M Tris buffer, 0.2M sodium acetate, 24% 
PEG4000 with 0.19 M NaCl. Phosphate-grown crys- 
tals could be transferred to a solution of 0.1 M Tris 
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buffer (pH 7.3), 30% PEG 8000, 1 mM NaN,, that 
was then gradually made 0.5 M in Rb+. To minimize 
the sensitivity of crystals to shock in the Na+/Rb+ 
exchange, they were soaked in a capillary tube used 
to mount crystals for diffraction [28]. The length of 
the capillary served to create a concentration gradi- 
ent to slow down the diffusion of Rb+. A crystal 
(0.6 X 0.25 X 0.25 mm) was placed in a capillary 
containing 80 t.r,l of storage solution (0.1 M Tris 
buffer (pH 7.3) and 30% PEG 8000, 1 mM NaN,). 
After the crystal had settled to the bottom of the 
solution in the capillary, 40 ~1 of solution from the 
top of the capillary was replaced with a solution of 
0.1 M Tris buffer (pH7.3), 30% PEG 8000, 1 mM 
NaN, and 1 .O M RbCl. After soaking for 5 days, the 
exchange solution was removed and the capillary 
dried and sealed in the usual manner for X-ray 
diffraction purposes. 

An essentially Na’-free crystal was prepared by 
diffusion because thrombin crystals could not be 
grown in the absence of Na+. Crystals of Hir-Throm 
were grown by the vapor diffusion method from a 
solution containing 0. I M Tris buffer (pH 8.5). 28% 

Table I 
Intensity data collection summary of Rb-Hir-Throm 

Shell (A, Average intensity Average I/a 

A. Rh-Hir-Throm 

PEG4000, 0.2M sodium acetate and 0.19 M NaCI. 
One of these was transferred to a capillary that 
contained 60 ~1 of mother liquor ([Naa] = 0.39 M). 
Then 30 u.1 of mother liquor were removed from the 
top of the capillary and 30 ~1 of a Naf-free solution. 
0.1 M Tris buffer (pH 8.51, 35% PEG4000, were 
added. The procedure was repeated every 12 h until 
the concentration of Na+ reached _ 0.2mM (about 
4days). Since the soaked crystal did not show ob- 
servable damage. the 30-30 t~J-1 exchange was 
changed to a 58-2 t~,l exchange. The new procedure 
was repeated until the final concentration of Na + 
was about 8 nM in the crystal (referred to hereafter 
as Na’-free). 

X-ray diffraction intensity data of Rb-Hir-Throm 
were collected using a Rigaku RU 200 fine focus 
rotating anode generator operating at 50 kV and 
lOOmA with an R-AXIS II imaging plate dletector. 
The crystal diffracted X-rays to about 2.1 A resolu- 
tion and belongs to the monoclinic system, space 
group C2. with cell parameters m = ‘7 1.53A. h = 
72.25 A, 1’ = 73.26& /3 = 101 .O”. which are isomor- 
phous with Hir-Throm crystals. A total of 27769 

# of reflections 

Obs. Theor. 

Completeness (7~) 

Shell Cumul. 

15.0 

10.0 
7.50 

5.00 

3.50 

3.00 

2.7s 

2.50 

2.25 

2.07 

Totals 

206 20.3 

355 21.1 

219 19.9 

I56 18.2 

185 16.7 

60 9.3 

31 6.0 

19 4.2 

I3 3.1 

Y 2.3 

60 74 

136 15X 

272 299 

1098 I I87 

2884 3151 

2369 2768 

I760 2260 

2277 3209 

2820 4753 

2179 so32 

15855 2289 I 

81 81 

8h 84 

91 88 

91 91 

91 Y I 
85 89 

17 86 

71 82 

SY 76 

33 69 

5.3 5.4 

3.5 3.9 

4.0 3.‘) 
4.4 4.2 
4.4 4.4 

6.X 1.7 

9.4 4.Y 

I I x 5.2 

14.X 5.4 

16.3 5,s 

4.25 1162 118 2575 2627 9X 98 2.x 

3.37 816 59.2 2466 2575 96 Y7 3.4 

2.95 310 22. I 2245 2549 xx 94 x.z 

2.68 169 11.5 2022 2581 78 90 I I.5 

2.48 104 6.2 1759 25% 69 86 15.3 
2.34 89 4.2 71s 2552 28 76 16.X 4.x 

Total\ II782 I5442 
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Fig. 1. Stereoview of Na + in solvent channel in relation to the intermolecular Na + binding site near Ile174. Difference electron density 

between Rb-Hir-Throm and Hir-Throm shown contoured at 5~. Water molecules indicated by crosses. PPACK of PPACK-Throm indicated 
at the top entrance to the channel and selected side chains in bold; doubly hydrogen-bonded salt bridge between PPACK and Asp189 of Sl 
site shown as broken line. 

observations were measured that yielded 15 885 
symmetry-independent reflections with an Rmerge of 
5.5%. Statistics relating to the intensity data collec- 
tion are listed in Table 1. The observed structure 
amplitudes of the Rb-Hir-Throm crystal were then 
scaled to those of Hir-Throm. 

X-ray diffraction intensity data of the Na’-free 
crystal were collected using a Siemens X-1000 wire 
detector. The crystal diffracted to about 2.3 A resolu- 
tion (44 309 observations, 14 047 unique reflections 

(91%), Rmerae = 4.8%) (Table 1). Furthermore, the 
crystal remainedOisomorphous Owith Hir-ThroOm crys- 
tals: a = 70.66A, b = 72.47 A, c = 73.09 A, /3 = 
100.7”. 

The structure of the Hir-Throm complex [27], 
without water molecules, was used to calculate phase 
angles, which were assigned to Rb-Hir-Throm and 
Hir-Throm amplitudes to calculate a difference elec- 
tron density map. Inspection of the difference density 
clearly revealed two Rb+ binding sites. One was 
located buried in a previously reported water channel 
of the hirudin-thrombin complex [3] while the other 
was on the surface of the enzyme between crystallo- 
graphically related molecules (Fig. 1). Since the 
latter is absent in thrombin structures having crystal 
forms differing from Hir-Throm, this site is the result 

Table 2 
Some refinement parameters and rms deviations of Rb-Hir-Throm 
and Na+-free Throm ’ 

rms A Target cr 

Distances 

Bond distance (A) 0.014 (0.014) 0.018 (0.020) 

Angle distance (A) 0.049 (0.048) 0.038 (0.042) 

Planar l-4 distance (A) 0.061 (0.059) 0.058 (0.065) 
Miscellaneous 

Plane groups (A) 0.033 (0.030) 0.040 (0.040) 

Chiral centers (As’, 0.181 (0.155) 0.150(0.150) 
Non-bonded distances 

Single torsion (A) 0.23 (0.22) 0.50 (0.50) 

Multiple torsion (A) 0.30 (0.30) 0.50 (0.50) 

Possible X-Y H-bond (A) 0.26 (0.27) 0.50 (0.50) 
Thermal restraints 

Main-chain bond (A’.‘, 1.7 (1.6) 2.0 (2.0) 

Main-chain angle (A’) 2.5 (2.5) 2.5 (2.5) 

Side-chain bond (A*) 3.0 (2.7) 3.0 (3.0) 

Side-chain angle (A’;‘, 4.0 (3.9) 3.5 (3.5) 

DifSraction pattern; a(lF,i) = 5.4-30[(sin O/h)- I/61, (a(lF,I) 
= 1.4- 12[(sin ~/AI- l/61), (llF,l- lF,ll) = 10.4, ((llFol- 
lF,ll> = 2.8), (B) = 31 A*, c(B) = 272). 
’ Na+-free thrombin in parentheses. 
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of intermolecular crystal packing in the monoclinic 
crystals, space group C2. Thus, the Na’ site in the 
water channel is the site that affects thrombin cat- 
alytic competency. 

The Hir-Throm structure was energy minimized 
using X-PLOR and then refined by restrained least- 
squares procedures with the program PROLSQ. The 
diffraction data included in refinement were from 
7.0-2.OA with a 3.0~ cutoff on IFI’. During the 
refinement, two Rb’ and 125 water molecules were 
also fitted to the (2Fo-Fc) and (Fo-Fc) maps. The 
final model has an R-factor of 15.1%; a summary of 
the refinement parameters is given in Table 2. The 
Na*-fife Hir-Throm structure was refined similarly 
at 2.3 A resolution (137 water molecules) converging 
at R = 14.9% (Table 2). The coordinates of the 
Rb-Hir-Throm and Naf-free Hir-Throm structures 
have been deposited in the Brookhaven Protein Data 
Bank (access numbers 1 HXE and IHXF, respec- 
tively). 

3. Results and discussion 

The functional and physiologically important Na’ 
binding site is located in a conspicuous water chan- 
nel first observed in the hirudin-thrombin structure 
[3], including and extending off the Sl specificity 
site of thrombin (Fig. I). The elongated cylindrical 
tunnel is formed by three antiparallel B-strands 
(Met l80-Tyrl84A, Va1213-Gly2 19, Lys224- 
Tyr228; strands 1, 3. 4) crossed diagonally by 
Gly 18%Glu 192 (strand 2) with Asp189 of the S 1 
specificity site near the midpoint [3,25]. Most of this 
region is within the part of the activation domain of 
prethrombin2, and presumably that of prothrombin 
also, that leads to the formation of the Sl specificity 
pocket 1201. The 8 A diameter channel traverses about 
18 A of the thrombin molecule from the catalytic site 
to the opposite surface of the molecule. One wall of 
the channel is abundant in aromatic residues 
(Tyr I84A, Trp21.5, Tyr225, Phe227, Tyr228), which 
contrasts with the other wall lined by hydrophilic 
residues (Fig. I). The channel is filled with over 20 
water molecules linked together by a hydrogen bond- 
ing network that also connects up to the protein (Fig. 
2). Most of this water is conserved in different 
thrombin structures and corresponds to high occu- 

panty factors (Table 3). The entrances to the channel 
are the Sl specificity site on one side and a hole in 
the thrombin surface on the other, the latter lined 
with the residues of the Glyl86A-D insertion loop. 
The water structure above and below the Na’ in the 
channel can be conveniently subdivided into three 
regions: (I) that from Asp189 in the Sl site to the 
entrance near the catalytic site; (II) that between the 
Nat octahedral square plane containing Arg22 I AO. 
Lys2240, 0,416, 0,445 up to Asp] 89: and (III) 
that between this plane and the other entrance to the 
water channel at the 186A-D surface (Fig. 2). 

S. 1. Regiorl II: the No T site 

In the Hir-Throm structure [20]. 0,409 with an 
occupancy of 1.0 and a B-value of I3 A’ has been 
identified to be the Na+, by replacement with Rb’. 
responsible for the slow to fast transition. The super- 
position of the difference electron density near the 
Na’ site between Rb-Hir-Throm and Hir-Throm. 
calculated with Hir-Throm phases less water struc- 
ture. on the omit map of Hir-Throm, calculated 
without 0,409 and its coordinating waters in the 
mode1 structure, is shown in Fig. 3a. Although the 
position of the Rb’ difference peak is displaced 
about 1.6A from the Na+. the difference is de- 
creased by half after refinement of the Rb-Hir-Throm 
structure. The occupancy at this Rb+ is 0.45 (B = 
382) while that of the other Rb’. bound between 
two neighboring molecules. is comparable at 0.52 
(B = 23 A’). The partial occupancy of the Rb + is 
related to the larger dissociation constant ( - I6 fold) 
compared to Na +. 

The Na. in the water solvent channel is octahe- 
drally coordinated in Hir-Throm by the carbonyl 
oxygen atoms of Arg221 A and Lys224 and four 
conserved n,aater molecules (0,416, 0.,419. 0,445, 
0,,447) (Fig. 2. Tables 3 and 4). The Asp1 89 residue 
of the S I specificity site is Located adjacent to 0,447 
(Asp1 890D I -0,.447, 3.6 AI. This particular water 
molecule of the Na+ site hydrogen bonds to 0,427, 
which, like 0,,423, is tetrahedrally coordinated 
(Gly 1880.0,447,0,4~S. 0,.416). The water 0,423 
is close to 0,447 (3.7 A) of the Na + site and is fully 
hydrogen bonded with Glu2 170, Asp221 N. 
Arg221 AN and 0,.494. Thus, both of these water 
molecules (0,.423, 0,427) have full four coordina- 
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ACTIVE SITE SURFACE (S-1 Subsite) 

REGION I 

Lb189 

REGION II 

RI87 

REGION III 

K186C 

LOOP2 
P-4 

LOOP1 

186A-D INSERTION SURFACE 

s-2 
P-l 

- -2;9- - R173N ** 

2.7,” 

/’ 

-T1720Gl** 

!.6 
----S1710G** 

/ 
.O 

‘184A 

cl85 

Fig. 2. Position of the Na+ site in, and interactions of conserved water molecules (designated by X) of, the water solvent channel. Single 
asterisk denotes location on p-2; double asterisk: do not occur on any of the four P-strands; 2.4-3.1 A generally used as hydrogen bond 
criterion. 

tion and ultimately link to the peptide backbone of Na+ coordination sphere (0,419, 0,445) both hy- 
thrombin through hydrogen bonds (Fig. 2 and Table drogen-bond to 0,430, which hydrogen-bonds with 
3). 0,431 and is located near the positive/negative 

Of the remaining water molecules at the Na+ site, centers of the bidentate Arg 187-Asp22 l-Asp222 
0,416 hydrogen bonds directly with Tyrl84A0, salt bridge (Figs. 2 and 4). The 0,445 of the Na’ 
0,410 and 0,427. It is thus also tetrahedrally coor- site also bridges to Asp22lODl and 0,410 (then 
dinated. The remaining two water molecules of the 0,410 back to Tyr184AN). The 0,419 forms addi- 
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Table 3 

Water molecules in the solvent channel of Hir-Throm and monoclinic PPACK-Throm 

Hir-Throm 

O\\ 

Rr,qiott I 
305 

420 

322 
429 (1 1’ 

44x ii 
562 I’ 
404 
51’) ‘, 
592 ” ” 
600 
Rr,qim II 

4OY(Na+ ) 
3 I 0 
416 ’ 
127 
545 ’ 
417 ’ 

Re,qim III 

319 ’ 
330 
431 

Occllp. B (A’, 

I .OO I3 

I .oo 71 

I .oo 21 
I .oo 2s 

0.‘) I 26 
0.82 29 
0.7 I 37 
0.62 25 
0.50 23 
I .oo 20 

I .oo 13 

I .ocl 17 

I .OO 20 
1 .oo 26 
0.94 26 

0.93 22 

I .oo 31 
I .oo 26 

I .oo 2.5 

(Occ)‘/B 

(.k?X 101) 

7.8 

4.7 

4.9 
4.1 

3.2 
2.3 
1.4 
1.6 
0.9 
5.0 

7.6 

5.8 

5.1 
3.9 

3.4 

4.0 

4.8 

3.9 

4.0 

Monoclinic PPACK-Throm [20] 

Coordination O,, Occup. R&) 

number 

1 403 I .OO I? 

3 309 0.99 I Y 
4 117 I .oo I5 
4 107 ” 0.9x 17 
I displaced 
2 displaced 
3 521 0.64 43 
I displaced 
4 428 0.98 72 
2 509 0.30 I5 

6 4lO(Na+) I .oo 21 
1 514 0.47 3h 

4 450 0.59 72 
4 448 0.75 75 

4 418 0.92 21) 

2 433 0.x7 2’) 

4 324 0.8 I 73 
3 481 0.8 I 21 
3 464 0.98 3’ 

” (I,,429 shifted 0.4 .& 0,592 shifted I .Oi with PPACK binding 
” In S I specificity site. 
’ Coordinates Na ’ 

tional hydrogen bonds with Tyr 184AO and Gly223N. 
The Na- bridges directly to the peptide chain 
(Arg22 1 A, Lys224) and its water coordination sphere 
does likewise indirectly through a complex hydro- 
gen-bonded network mediated by other conserved 
water molecules (Fig. 2 and Table 3). Of the four 
water molecules coordinating the Na+, three exhibit 
full four coordination, mostly through hydrogen 
bonds (0,447 also is four coordinated if the longer 
3.6 A contact with Asp1890Dl is considered). 

The Rb+ in the solvent channel differs from the 
Nat in that it appears to have distorted square 
bipyramidal eight-fold coordination (square and dis- 
torted square. tetragonal pyramids emanating from 
the Rbf) (Fig. 3b. Table 4). This isOmost likely due 
to its larger ionic radius (Nat- l.OA, Rbf - 1 .S A>, 
which is responsible for the positional shift and 
generally leads to the longer contacts with oxygen. 
The shifted Rbf expels 0,.416 of the Na+ site, 

producing an additional direct contact with thrombin 
to Tyr184AO (Fig. 3b. Table 4), an interaction also 
observed in the orthorhombic Rb-PPACK-Throm 
structure [26]. The coordination is completed with 
five water molecules, three of which are in common 
with the Na’ site. The 0,5 19 of the Rb’ site is a 
shifted 0,447 of the Na’ site (- 1.4A) where it is 
the closest Nat contact (Table 4). The two new 
water molecules (0,520, 0,538) of the Rb’ site 
are 0,410 and 0,.427 of the solvent channel that are 
located close to the Na+ site (Fig. 2). 

Specific monovalent cation effects in blood coag- 

ulation were first reported for factor Xa [29] and then 
for thrombin [21] and activated protein C [30]. Exam- 
ination of the structure of factor Xa [31] in the 
vicinity of the Na+ site of thrombin reveals that 
0,583 of factor Xa is at the Na’ position and is 
octahedrally coordinated by topologically equivalent 
Arg2220 (Arg221AO of thrombin) and Lys2240 
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(a) 
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‘24 0 



E. Zhang. A. Tulinsb/Biophysical Chernistr,v 63 (lYY7) 1X5-200 193 

Table 4 
Coordination of Na+ and Rb+ in thrombin and factor Xa 
A. Kinerical~~functional site 

0 
Hir-Throm d (A, PPACK- d(A) Rb+-Hir- 
(mono) Throm Throm 

(mono) (mono) 

Arg22 1 A0 2.48 Arg22 1AO 2.41 Arg221AO 2.98 
Lys2240 2.34 Lys2240 2.24 Lys2240 2.68 
0,416 2.59 0,450 2.12 Tyr 184AO 3.49 
0,419 2.86 0,424 2.70 0,469 3.52 
0,445 2.41 0,41X 2.63 0,531 3.02 
0,447 2.05 0,433 2.06 0,519 3.38 

0,520 3.09 
0,538 3.26 

B. Fu(.tor Xu 

Na+ site d (A, 

TyrlXSO 2.1 
Asp I85AO 2.6 
Arg2220 2.0 
Lys22-10 2.5 
O,, 612 3.1 
0,73 I 2.2 

(I Inlrmdecular site 

Hir-Throm d(A) Rb+-Hir-Throm d(A) 

Lysl690 2.54 Lysl690 2.92 
Thr1720 2.36 Thr1720 2.86 
Phe204AO (i 2.37 Phe204AO ” 2.60 
0,432 2.67 0,541 3.36 
0,610 2.40 0,542 2.98 I’ 
0,61 I 2.38 0,540 2.96 ’ 

‘I From crystallographically adjacent molecule. 
” Occupancy < 0.5. 

(Table 4). Thus, this assumed water molecule in the 
factor Xa structure is most likely a Na+. The exact 
composition of the site differs from thrombin. The 
different side-chain structure of factor Xa leads to 
four carbonyl oxygen atoms from the protein coordi- 
nating with the Na+ (Table 4). The oxygen atoms of 
Tyrl850, Arg2220, Lys2240 and 0,741 are in an 
approximate plane with Asp185AO and 0,672 at 
the apices of the octahedral array. Since activated 

Fig. 4. Geometry of entrance to the solvent channel from the 186 
A-D insertion loop region. 

protein C also shows kinetic enhancement with 
monovalent cation binding [30,32], it most likely has 
a similar Na+ binding site to thrombin and factor 
Xa. 

3.2. Region 111 

One entrance to the Na+-containing solvent chan- 
nel is at the Sl specificity site of thrombin. Region 
III is located on the opposite end of the channel and 
forms the other entrance. The two loops between the 
P-strands of the channel line the entrance: loop I 
(Lys 185-Arg 187) contains the 186A-D insertion and 
connects strands I and 4; and loop 2. between 
Asp221 -Lys224, connects strands 2 and 3 of the 
channel with a Type I p-turn (Arg221A-Lys224). 
There are three conserved water molecules in the 
region. One is the apical 0,419 of the Na ’ octahe- 
dron while the others are the previously mentioned 
0,.430 and 0,43 I. The 0,419 bridges between 
loops 1 and 2 by hydrogen bonding with Tyr184AO 
and Gly223N (Fig. 4). The 0,430 mediates the two 
loops through 0,419 near the Argl87-Asp221- 

Fig. 3. Stereoview of kinetically functional Na+ binding site. (a) Difference density between RbC and Na ’ site contoured at 6.50 in bold; 
omit map of Na-Hir-Throm without the five waters of the Na + site included; contoured at 3.5~. (b) Omit map of Rh-Hir-Throm without 
five Rh+ coordinating water molecules included in model: contoured at 2.Xa. 
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Asp222 salt bridge, and 0,431 hydrogen-bonds be- 
tween Lys 1850 and Lysl86DO to additionally firmly 
stabilize loop 1. 

Viewing this entrance to the channel from the 
solvent reveals that the three water molecules are 
centrally located. The 0,431 connects strands 1 and 
2 indirectly with the aid of an ion pair, 0,430 links 
strands 2 and 3, the Na+ bridges strands 3 and 4 
through Arg221AO and Lys2240, while 0,419 con- 
nects strands 1 and 4 (Fig. 4). Thus the Na+ site and 
accompanying conserved water molecules of regions 
II and III of the channel stabilize, if not organize, 
this end of the channel and the four P-strands of the 
fast form of thrombin. The highly coordinated and 
hydrogen-bonded nature of the water molecules at 
this entrance probably mitigate against an easy indis- 
criminate penetration and exchange of other 
molecules from the solvent. 

The reorganization of the water network to the 
slow form of thrombin, with the release of Nat from 
its site, was the object of the diffusion exchange 
experiment that produced the Na+-free Hir-Throm 
crystal. The final (2Fo-Fc) electron density map of 
the Na+-free crystal showed that both Na+ ions were 
indeed leached out of the crystal along with three of 
the water molecules coordinating the Na+ site 
(0,416, 0,445, 0,447) (Fig. 2). Surprisingly, how- 
ever, except for minor movements of Arg22 1 A and 
Lys224 (< 0.25 A), which coordinate the Nat, the 
remainder of the structure was essentially undis- 
turbed and was basically identical to that of Hir- 
Throm (rms A = 0.2OA for C,CN atoms). The same 
applies to the intermolecular Na+ site region. The 
presence of Pro225 in trypsin reorients Lys2240 by 
90” A = 2.4 A), which then forms a hydrogen bond 
with a water molecule positionally identical to 
0,447. This movement could conceivably be the 
trigger for Na+ release (E. DiCera, personal commu- 
nication). Except for the three aforementioned water 
molecules, only one other water of the solvent chan- 
nel (0,456) was missing, so that 14 of the 18 water 
molecules of Fig. 2 and Table 3 are preserved in the 
Na+-free structure. In view of its profound func- 
tional differences, the slow .form of thrombin must 
have a different structure than the fast form; but 
since that of the leached Na+-free Hir-Throm struc- 
ture is the same, it suggests that the crystal packing 
arrangement may have prevented the allosteric 

change from taking place upon leaching out the Na+. 
Although hirudin induces the slow to fast transition 
and can stabilize the fast form in the absence of Naf 
1231, the effect is not a factor in the case of Hir- 
Throm. Thus the structure of the slow form remains 
to be established crystallographically. Considering 
the intricacy of the water molecule network around 
the Na+ site (Fig. 2) the allosteric reorganization 
between the two forms should be expected to be 
substantial. The Asp22 1 -Arg22 1 A-Asp222 to 
Ala22 1 -Arg22 1 A-Lys222 (ARK) mutant of throm- 
bin loses its ability to bind Na+ selectively and it has 
been suggested to have a conformation that is func- 
tionally and structurally intermediate between the 
slow and fast forms of the wild type [26]. Prelimi- 
nary crystallographic results indicate that the struc- 
ture of the ARK mutant of Hir-Throm differs in the 
allosteric Na+ site region from that of Hir-Throm 
(unpublished results of this laboratory). 

3.3. Region I 

Some of the water structure of the active site 
region of Hir-Throm and the isomorphous mono- 
clinic form of PPACK-Throm have been compared 
previously [20]. Of the 15 water molecules in the 
region, about eight are expelled with PPACK bind- 
ing. However, 12 water molecules are found in the 
region in the monoclinic form of PPACK-Throm 
because five new water molecules bind around the 
solvent-accessible surface of the inhibitor. 

There are three other conserved water molecules 
of high occupancy in the region: 0,405, 0,423, 
0,427. Strands 1, 2 and 4 of the cavity are bridged 
by 0,405, which displays nearly tetrahedral geome- 
try by hydrogen bonding with Asp 1890D2 (p-2) and 
Tyr2280H@-4) and by being close to Ala1 830 (p- 1) 
and 0,427 (3.2 and 3.3 A, respectively). A similar 
geometry is found around previously mentioned 
0,423 that bridges p-2 and p-3 with the help of 
0,494: Aspl890Dl (p-2), 0,494, Glu2170 (p-3) 
Asp221N (p-3) and Arg221AN (p-3). In addition, 
strands 3 and 4 are connected by hydrogen bonds 
from 0,600 to Glu217N (p-3) and Tyr2250 (p-4). 
Thus the side chain of the all-important Asp189 
residue in the specificity pocket is stabilized by a 
complicated hydrogen-bonding network and sits po- 
sitionally poised, with no or minimal movement 
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required, to form a doubly hydrogen-bonded salt 
bridge with an arginyl guanidinium group of sub- 
strate (Fig. 5). Furthermore, the four P-strands at this 
end of the solvent channel appear to be held in place 
by these water molecules, similar to the other en- 
trance of the channel. Since these features are con- 
served in all thrombin structures, the water hydrogen 
bonding network can be thought of as an integral 
part of the molecular structure of the enzyme. Such 
conservation should be of use in improving binding 
in the rational design of antithrombotic drugs. 

The upper reaches of region I terminate with a 
water cluster that is found centrally located in the S I 
specificity site of Hir-Throm: 0,429, 0,448. 0,462, 
O,VS 19 [20]. The last three are expelled when S I is 
occupied by an arginyl or comparably sized side 
chain: 0,429, however, shifts in position by about 
0.5 i (it is 0,407 in PPACK-Throm) and helps 
anchor the guanidinium group of the arginyl by 
hydrogen-bonding with one of the NH, groups and 
bridging to Phe2270 through another hydrogen bond 
(Fig. 5). This bridging water molecule has been 
observed in other arginyl and lysyl-related PI deriva- 
tives of thrombin [33]. The other NH, group is 
firmly hydrogen-bonded to Gly2 190. Another water 
molecule in the specificity site, 0,592, moves on 

substrate binding (shifts about 1 .O A and appears to 
be 0,428 in PPACK-Throm) [20]. The guanidinium 
group of the arginyl is further stabilized by this 
shifted water molecule that hydrogen bonds with the 
NE atom and Glul920E1, Gly2160, GIy2190, also 
observed elsewhere [33]. Thus not only is the Asp I89 
residue held firmly for binding but also the guani- 
dinium group of the substrate after binding, through 
a double hydrogen-bonded salt bridge and interac- 
tions anchoring it directly back to the protein through 
hydrogen-bonded water molecules (Fig. 5). This im- 
pressive water-mediated structure in the vicinity of 
the arginyl S I salt bridge is conserved in most, if not 
all. arginyl PI substrate thrombin complexes. 

Three of the four disulfide bridges of thrombin 
straddle the solvent cavity and the active site 
(Cys42-Cys58, Cys 168-Cys 182. Cys 19 I -Cys220) 
and may be a hallmark of the structural integrity 01 
the region (Fig. 1). The Cysl91 -Cys220 bridge is 
conspicuous in that it connects the (j-2 and p-3 
strands of0 the cavity and is adjacent to and only 
about 5.OA from Aspl89, stabilizing the Sl speci- 
ficity site. In arginyl-like substrate complexes (Fig. 

ARG of Substrate 

Glul920El 

: ( , 
I 

Gly2160---- ;,428 
i: 

, 
.’ l *.. 

ASP189 

Fig. 5. Conserved salt bridge and hydrogen-bonding interactions of’ arginyl group hound in S I specificity site of PPACK-Throm. Hydrogen 

bond\ dotted. 
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5), the residues on either side of Cys220 make close 
contacts with Asp189 (Asp221N through two water 
molecules and the guanidinium group of substrate to 
Gly2190). The Cysl68-Cys182 disulfide is indi- 
rectly associated with the aromatic wall of the cavity 
adjacent to a hydrophobic cluster (Val167, Ile174, 
Ile176) that forms part of the S3 D-Phe subsite of 
PPACK-Throm. The Ile174 residue has a prominent 
role interacting with groups bound at this site. The 
Cys42-Cys58 disulfide bridge appears to be impor- 
tant not only in positioning His57 at the catalytic site 
but also in constricting a potentially unwieldy sur- 
face B-strand between these cysteine residues. 

3.5. The Glu217Ala mutation in thrombin 

Mutation of Gh.1217 of thrombin to alanine de- 
creases the catalytic efficiency of fibrinopeptide A 
activation 40-fold, while the affinity of the mutant 
for thrombomodulin-dependent protein C activation 
is reduced by only 50% [34]. Thus the mutant throm- 
bin behaves in an enhanced anti-coagulant manner in 
bleeding situations comparable to the Na+-free, slow 
form of thrombin [24,25]. Since Glu217 is conserved 
in thrombin from nine vertebrate species [35] and the 
P5 glycine residue of fibrinogen is generally con- 
served [34,36], it was suggested that the interaction 
observed between these two residues is required for 
full procoagulant function [34]. In the crystal struc- 
tures of fibrinopeptide A complexed with thrombin 
[36,37], and the Serl95Ala mutant of thrombin (un- 
published results of this laboratory) Glu217 makes 
only one marginal vtn der Waals contact with the P5 
glycine residue (3.4 A; moreover, between atoms that 
are not pointed at each other). It is difficult to 
understand how such a tenuous minor contact can be 
of such importance in mediating the pro- and anti- 
coagulant behavior of the enzyme. However, since 
Glu2170E2 makes a salt bridge with Lys224NE 
(Fig. 2), and since the latter binds directly to the 
Na+ that mediates fast/slow thrombin kinetics, the 
Glu217Ala mutation most likely adversely affects or 
possibly destroys the Naf binding site that results in 
the favorable anticoagulant behavior [34]. Mutation 
of Lys224 to alanine leads to a thrombin with kinetic 
properties similar to the Glu217Ala mutant (E. Di 
Cera, personal communication). The salt bridge be- 
tween Glu217 and Lys224 is crucial in maintaining 

the relative positions of strands B-3 and B-4 (Fig. 21, 
which most likely is also important for producing the 
Na+ binding site. Although it was argued that the 
effects of the Naf transition and the effects of the 
Glu217Ala mutation on catalytic efficiency of fib- 
rinopeptide A release (7-fold versus 40-fold) and on 
affinity for thrombomodulin (4.4 versus 0.5-fold) are 
different [34], the mutant enzyme was studied under 
different solution conditions and at 37°C rather than 
25°C thus detracting from the comparison. 

Furthermore, the Glu2 170 atom hydrogen-bonds 
with 0,423, which in turn forms hydrogen bonds 
with Asp221N and Arg221 AN (Fig. 2). It has al- 
ready been shown that mutation of the 
Asp22 1 Arg22 1 AAsp triplet to ARK leads to loss 
of Naf binding [26], so disruption of this hydrogen 
bonding network could also lead to a state intermedi- 
ate between the Naf-bound and Na+-free forms and 
account for the kinetic behavior of the Glu217Ala 
mutant without recourse to the P5 substrate Glu217 
interaction. 

3.6. Intermolecular Nat binding site 

The Rb+ exchange experiment also revealed a 
second Na+ binding site in Hir-Throm. The site is 
located on the surface between two crystallographi- 
tally symmetry-related (2-fold rotation) thrombin 
molecules. The Naf is octahedrally coordinated by 
Lys1690 and Thr1720 of one molecule, Phe204AO 
of another, and three water molecules (Fig. 6, Table 
4). Like the Na+ site in the solvent cavity, this 
particular site is present in nearly all Hir-Throm 
derivative C2 structures, generally as an octahedrally 
coordinated water molecule. Before the Rb+ ex- 
change experiment, however, we had interpreted this 
region in Hir-Throm crystals in terms of the position 
of the side chain of Argl5 of the A-chain of throm- 
bin with NH2 at the Na+ position [20]. This is now 
obviously incorrect. Since this intermolecular site 
remains octahedral on exchange with Rbf (Table 4), 
it would suggest that the eight-fold Rb+ coordination 
of the Rb’ in the Na+ site may be the result of 
crowding the larger ion into the inflexible, highly 
conserved and energetically stabilized water channel. 
The direct contacts with the eight coordinate Rb’ 
alsoosuggest this by corresponding to an inner ( < 
3.0 A) and an outer (N 3.5 A) coordination sphere 
(Table 4). 
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t 

K169 0 

Fig. 6. Stereoview of intermolecular Na+ binding site of monoclinic crystals of Hir-l‘hrom and derivatives. Maps as in Fig. 3(a) but 
contoured at 8.0 and 3.0~ respectively. Phe204A corresponds to a crystallographically related molecule. 

The question of whether this binding site is inher- 
ent to the thrombin molecule or whether it is just an 
intermolecular crystal structure packing interaction 
has been resolved by examining the Lys169, Thr172, 
Phe204A positions in thrombin crystal structures with 
different packing arrangements. This includes the 
crystal structures of (1) y-thrombin [38] and the 
complexes of (2) orthorhombic PPACK-Throm [4], 
(3) hirudin-thrombin [3], (4) prothrombin kringle 
2-thrombin [39], (5) DNA- 1 Smer-thrombin [40,4 I ] 
and (6) a thrombomodulin peptide-thrombin com- 
plex [ 121. The second Na+ binding site was either 
not involved in an intermolecular contact or was 
different in all of these crystal structures except for 
possibly the thrombomodulin peptide-thrombin 
complex, so the site is probably not present in the 
solution structure of thrombin. It does, however, 
appear to be important for the growth of the mono- 
clinic C2 crystals of Hir-Throm because it occurs in 
all of them. The crystals of the thrombomodulin 
peptide-thrombin complex are tetragonal, space 
group P4,, two complexes per asymmetric unit, and, 

surprisingly, have an identical intermolecular Na+ 
contact with a water molecule located at the Naf 
position. No other water molecules appear in the 
vicinity, but this could be due to the lower resolution 
(3.0 A) of the structure determination. Factor Xa also 
displays a crucial intermolecular packing interaction 
in crystals where the arginyl of the C-terminal cleav- 
age site of the activation peptide of one molecule 
binds in the Sl specificity site of a neighboring 
molecule [31]. The interaction is so important that it 
has not yet been possible to crystallize factor Xa in 
another crystal system or space group. 

3.7. Absence qf the Na+ site in prethrombin2 

The antiparallel P-strand interactions of the kinet- 
ically functional Na+ binding site of thrombin are 
the same in the zymogen precursor prethrombin2 
[20] as in the active enzyme (Fig. 7). The two loops 
between the strands, however, are very different: a 
new type I P-bend is formed between Arg221A- 
Lys224 on activation of prethrombin2. whereas a 
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Fig. 7. Stereoview comparing the Naf water channel of Hir-Throm and prethrombin2. Hir-Throm in bold; T and P designate thrombin and 
prethrombin2 residues respectively. 

p-turn between Asp1 86A-Lys 186D of prethrombin2 
is lost. A crucial driving force for these rearrange- 
ments is the formation of the bidentate salt bridge 
involving Arg187, Asp221 and Asp222. The posi- 
tions of the side groups of the tripeptide Asp221 - 
Asp222 region and that of Arg187 of prethrombin2 
are inverted by the loop motions to form part of one 
entrance to the water channel (Fig. 7). The inversion 
also positions the carbonyl of Arg221A properly for 
interaction with a Na+ ion, and the encroachment of 
Asp22 1 on the sidechain of Asp 189 of the specificity 
site causes it to shift and reorientate and anchor to 
Glu2 170 and Tyr2280H through hydrogen-bonding 
water molecules (Figs. 5 and 7). The motion of loop 
1 on activation appears to be a simple pivot about 
Tyrl84A and Lys 186D. Thus, critical groups are not 
positioned correctly in prethrombin2 for the binding 
of either Na+ or the substrate, which is ultimately 
achieved by the triggering cleavage of the Arg 15Ilel6 
bond [20]. 

3.8. Nat and K+ sites in other proteins 

Specific monovalent cation effects in proteins have 
been known for a long time [42-441. The cations can 

be allosteric effecters or cofactors that can interact 
directly or indirectly with substrates or can activate 
enzymes. Structures producing some of the effects 
have been determined for enzymes with specific 
requirements for Kf [45-471. 

In dialkylglycine decarboxylase, there is a Kf 
site near the active center and a Na+ site on the 
protein surface at the carboxylate terminus of an 
o-helix [45]. The former accounts for the dependence 
of activity on alkali metals. The exchange of Na’ 
for K+ results in a change in coordination geometry 
from octahedral to trigonal bipyramidal, with a r&- 
duction of metal-ligand distance from 2.7 to 2.3 A. 
The surface Na+ site is formed by oxygen ligands 
from a reverse turn. In rabbit muscle pyruvate ki- 
nase, spherical electron density was assigned to K+ 
surrounded by four oxygen ligands [46]. However, it 
is 5.7A from the Mn+’ site, but an indirect linkage 
between the catalytic group and K+ may occur 
through hydrogen-bonded salt bridge interactions. 
Crystallographic anomalous scattering of K+ at 1.7 A 
resolution revealed two K’ sites that interact with 
Mg ADP and Pi in the nucleotide binding cleft of 
bovine 70kDa heat-shock cognate protein [47]. One 
KC interacts with oxygen of the P-phosphate of 
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ADP whereas the other interacts with an oxygen of 
Pi. In crystals with Na+, K+ is replaced at the 
former site and by a Na+-H,O pair at the other site. 
The Kt are positioned so as to stabilize binding of a 
p, y bidentate MgATP complex with the enzyme. 
All of the foregoing alkali metal ion binding sites are 
reminiscent of those of natural ionophores and syn- 
thetic macroscopic ligands [48-5 I]. If anything, vari- 
ability and unpredictability of behavior underlie the 
protein interactions. 
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