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The X-ray crystal structure gf-carboxyglutamic acid (Gla) domains is well-established. These domains are
stable to long all-atom simulations in explicit solvent. Here we extend a prior simulation on the Gla domain

of factor Vlla, an essential vitamin K-dependent protein involved in the initiation of blood coagulation, to
~20 ns in order to establish a reference point. We also subject this domain to a set of rational environmental
changes using molecular dynamics techniques that accommodate long-range electrostatics accurately: (a) we
move the seven bound calcium ionsd7.5 A from any Gla residue and then simulate for 25 ns, and (b)

in a separate calculation, we change all of the calcium ions to sodium ions and simulate for 20 ns. For both
perturbed systems, the N-terminus chelation complex is initially greatly weakened, leading to increased motion
of the w loop (residues +11). In technique a, most calcium ions return to the preperturbation coordinating
units within the time scale of the simulation. We track and display the sequence of calcium ion rebinding.
The response of this complex, nonstandard system to the perturbations as estimated by accurate all-atom
dynamics gives new details on the degree of sampling in early refolding events.

Introduction folding time scaled: 10 ns for formation of interresidue

, , L contacts’* 200 ns fora-helice$® folding, 1-10 us for 5-hair-
A_burst of recent simulation papér§ has described |n_S|I|co ping® formation, and 161000 s for single domain proteins
folding experiments on small peptides. These studies havey, ¢4 from extended structur@é.The major question of the
focused on deriving relatively correctly folded structures from . rent work is, given an established structure of a crucial

relat|yely random starting pqsmons. It is currgntly a common protein domain and given a known refolding response to an
practice to simplify the force fields for computational efficiency. environmental change, are current simple simulation methods

In (rjnc:gs}lzcgsesﬁ solr:/enrt] hﬁs be(han included as 3 Cont'frf‘””mcapable of manifesting the correct response when extended
modet. n the other hand, we have concentrated our eflorts substantially in time scale? If not the full experimentally

on providing improvements to force fiefdsand applications observed response, is the response in the correct direction? In

: . s r
trllat beglt?] ?e;?: exloerm:enftall st;uctl:%?sl. EXp“t?'t so_lvelnt ded this regard, it is useful to quote Anfinsen’s hypothesis about
along with Tull treatment ot electrostalics has been INCluded. ., qein folding28 “This hypothesis states that the three-

:]'here ?rg. s(;rotrkl]g |nd|t(;]atljor|1$ that fc;r thetf]lmulatlon tlmfes we gimensional structure of a native protein in its normal physi-
ave studied, the methodology captures the esSence of correc logical milieu (solvent, pH, ionic strength, presence of other

protein folfdlnghbehawot: : for |bn_stéa_nceaa pa_rtlallfyffoldedl)lleR components such as metal ions or prosthetic groups, temperature,
fé:%ﬁ;:;e (r)(r) teﬁ mvsirt]; L%r;féc,'[n ;ggerr?;?gfomggtloir éﬁsawas and other) is the one in which the Gibbs free energy of the
homologypmgde?/for 2 human Pp413’0/vas constructed from a whole system is Iowest; that is, that th_e native c_onformatlon is
rabbit X-ray crystal structure that evolved during the simulation determlne_d by the totality of Interatomic interaction and hence
by the amino acid sequence, in a given environment”. The role

a ben_t I-helix, gand a unique water complex (bo_th later seen of environment is obviously emphasized in the full hypothesis.
experimentally}® and structures seen transiently in time-resolved } L
y-Carboxyglutamate (Gla) domains appear in vitamin K-

X-ray photodissociation of CO in myoglosth have been i I
verified 2! In addition, correct DNA behavior with respect to dependent proteins of the blood coagulation cascade (I, VII,

structur&? and ion distribution® about DNA are also demon- % X, C, S, 2)?® These substantially homologous-§0%
strated. identity) domains are thought to be responsible for endowing

vitamin K-dependent proteins with their membrane binding
capability. Recently, Gla domains have also been discovered
in other biological systems: Ga3®PR-1,281 TMG-3-422 conus
— : snails23 bone proteing? and tunicate$®
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The simulation times of our prior studies have typically been
in the 0.5-4ns range. This is a very short time, given measured
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did not diffract sufficiently to determine a structure. Several
years later, a group headed by Banner at Roche determined the __ 3
structure of tissue factor (TF)/factor VI The Gla domain of L4
Vlla (in the presence of calcium ions) was found to be very a3
z 2§
1

—— Simulation 1
@®  Simulation 2
¢ Simulation 3

similar to that of prothrombin. An NMR structure (3D) of the
Gla domain of factor IX° in the presence of calcium ions and
moderate levels of denaturing agents was subjected to a 00' — 5000 — '1‘6066' — ‘1'5'06'0' et 56066' e '2'5'('160
subsequent genetic algorithm refinement/molecular dynamics d
improvement in water. This refined structifalso proved to Timeips)
be similar to the Tulinsky Gla domain. However, a NMR CtE o B0 e e ekone atoms offrst 45 residLes

. . . cal .
;tructure of the Glz_i doma|_n of factor Xin '_[he absence of canum in each configugration aJre used for optimal alignment with those of the
ions* and other divalent ions led to the inference that calcium X-ray crystal structure of calcium-bound, TF-bound FVlla (the refer-
ions cause folding of the loop that is thought to interact with  ence) and for the rmsd calculation. Solid line, solution FVII with
negatively charged phospholipids of membrane (platelet) sur- calcium ions (simulation 1); filled circles, solution FVII with calcium
faces. This structure was later compared to the structure of theloS are placed-17.5 A from the protein for the initial structure
Gla-EGF domain of factor X in the presence of calcium iths. (simulation 2); diamonds, solution FVII with sodium ions (simulation

) 3).

Recently, the Esmon groffbdetermined the structure of a
truncated Gla domain interacting with the endothelial cell pjethods
receptor in the presence of calcium ions. Also Morita’s group ] )
has determined the structétef a heterodimer of factor X and We have chosen the Gla domain (residuesiq) from the
a snake protein in the presence of calcium ions with and without 1 F/FVIla/C&" crystal structur€ as our reference model
magnesium ions. Finally, the structure of a Gla domain of human (simulation 1). Water was added to create a minimum 125 A
factor X with mixed divalent ions (calcium and magnesium) shell about the protein to provide for periodic boundary

has very recently been determin¥dt has been known since fr(;rl}slthrnhsé l\;losr;g\r;alii n;;%njavt\fg;e f%%iiits(:e%n(s;rgoeg);ecgot?;g_
19775 that blood does not coagulate in the presence of Y. y pep

. . . ! . atoms, 7299 water molecules, seven calcium ions, and one Na-
magnesium ions alone. This observation has been attributed to(l) counterion. For simulation 2. the calcium ions were removed

the concomitant 'é?c!‘ of binding of Gla dor.“a'”_s to negatively from their bound positions from the initial reference model and
charged phospholipids when only magnesium ions are presenty, ,ceq randomly at least 17.5 A from the closest protein atom.
The recent structure with mixed iofshows that thev loop, In this system, the total number of water molecules defined by
thought to be a key determinant in binding of Gla domains t0 4 injtial layer of at least 26 A was increased to 11 401 to
membranes, has a disrupted structure when magnesium ion issccommodate the solvation of ions placed significantly away
present. from the protein. Finally, for simulation 3, the calcium ions of

Our group has for many years been engaged in the study ofthe initial reference system were replaced by sodium ions with
the structures of vitamin K-dependent proteins, including their sufficient sodium ions added randomly to the bulk for electro-
Gla domains. This work has led to the development of neutrality. A total of 15 sodium ions and 11 410 water molecules
simulation molecular dynamics (PME) technigtfédthat make defined the environment in this system. Simulations 1 and 3
possible stable simulations for ionic macromolecular systems. were performed for 20 ns, while simulation 2 was additionally
We have shown that the critical aspects of the Ca-bound Gla€xtended by 5 ns to yield a total of 25 ns trajectory time.

domain are stabfé with PME for long simulations and that The particle mesh Ewald (PME) option of a modified
the method can be used for refinement of NMR déta. AMBER molecular dynamics program, PMEMD 3.1, was
employed*’ This version of AMBER is especially tailored for

fﬁ? veial |rt1tere|sft|11§ questlortl§ edmer%e.bFor (Iex.amp.le, how frg%Chparallel computation. All standard procedures (constant pressure,
of the structural folding event induced by calcium ions (re shake only on hydrogen atoms, 1 fs time step) follow those

vs ref 37, ref 40 vs ref 41) can we see on simulation time Scalesgiven in ref 15.

of the order of 20 ns, a time scale compatible with current

computer technology? To get at this question, we have Results and Discussion
performed three PME simulations: (1) FVIK#9) with bound
calcium, (2) FVII(1-49) with calcium ions moved from the
positions found in X-ray crystal structure to bulk, and (3) FVII-
(1—49) calcium ions removed, sodium ions substituted, elec-
troneutral. The first simulation provides the reference for

In Figure 1, we present the root-mean-square deviations
(rmsds) of the backbone atoms of the Gla domain of FVII. The
rmsds were calculated by using the best alignment of the first
45 residues of the X-ray crystal structéffevith snapshots
comparison as well as serving as a test of the simulation sele.cted every 10 ps of the trajeqtory. The last few residues

. . (residue 46-49) have large fluctuations due to the detachment
technique (i.e. does the. me_tho_dology hold up fo_r 20 NS ON & from the EGF1 domain that was necessary to prepare a separate
system that we know maintains its X-ray structure in solution?). &5 qomain and, hence, are neglected in this calculation. As
The second simulation allows us to test whether, on the 20 NS4 pe seen from the figure, the rmsds are small.{ A) for
time scale, the calcium ions placed far away in solution can he simulation of the Gla domain of FVII with calcium ions in
the third simulation provides a test of how much unfolding configuration (simulation 1). This simulation provides an
occurs when no divalent metal ion is present. Implicit in the excellent measure of the stability of the system during the 20
latter two simulations is the question as to how much of the plus nanosecond simulation. It should also be taken as a general
Gla domain and its divalent metal ion binding sites is preformed; validation for the force field used in the simulation. On the other
i.e., does the protein structure unfold significantly after the hand, the Gla domain systems initially prepared with the calcium
perturbation of the ion environment? ions placed away from the proteins (simulation 2) and
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Figure 2. B-Factors (&2[Ar23) calculated for the backbone atoms when compared with the X-ray crystal structure. Differences were
during the last 300 ps of dynamics (300 samples at a picosecond apart)averaged over the last 300 ps of dynamics. Backbone atoms of residues
Backbone atoms of residues 445 were used for the alignment of  11—45 were used for the prior alignment.
snapshots before calculating B-factors.
are large for both simulations 2 and 3. Interestingly, even though

with the sodium ions replacing calcium ions (simulation 3) show the N-terminus) loop perturbation is large for the simulation
large fluctuations in the rmsd values compared to the wild type for which calcium ions were removed (simulation 2) from the
(simulation 1). In fact, for simulation 3 (crystallographic calcium X-ray positions, the final (20 ns) structures have undergone
ion positions are used to initially place half of the sodium ions), refolding due to reattachment of calcium ions to binding sites
the perturbation is somewhat smaller than for simulation 3, for (not shown), and thus, theoCdifference plot for simulation 3
which calcium ions were initially placed at least 17.5 A away implies convergence toward the starting structure. The helical
from any of the protein atoms. For simulation 2, the major segments (residues 420, 25-31, and 35-44) on the other
perturbation comes from the loss in the local balancing charge hand show the least deviation, indicating only marginal disrup-
in the Gla domain. This fact is reflected in the larger values for tion to the structure in that region due to ion dynamics.
the rmsd plot for simulation 2. The overall conclusion, however,  consideration of the time dependence of the computed
is that even while there are significant deviations found in rmsd g_factors and @ differences leads to a main conclusion that
plots of simulations 2 and 3, the plateau in the rmsds toward jthough there are some refolding events as a result of the initial
the end of the simulations suggests that the peptides are injon placements in simulations 2 and 3, the overall secondary
dynamic but stable conformations. The “blip” observed in the giyycture (particularly residues 425) remains near the original
rmsd of simulation 2 at-17 ns will be considered in detail in - fo|q after 20 ns. To this point, however, we have examined only
a subsequent section. the overall structures of the Gla domain. The observations are

The rmsds represent only the global dynamics of the peptide |argely consistent with the experimental (NMR) observations
in that each configuration is represented only by a single number. of the Stenflo grouf?#1for the Gla domain of FX (in different
However, thermal fluctuations of portions of the backbone atoms calcium ion environments, with and without). The unfolding/
may also be evaluated. In Figure 2, the thermal fluctuations (or refolding events are tightly coupled to dynamic changes in the
isotropic B-factors) calculated for the last 300 ps were compared immediate environment. In simulation 1 (calcium ions were
with the experimental B-factors given in the X-ray crystal initially in the X-ray crystal positions), changes associated with
work 3 The average B-factors for the backbone atoms are usedthe calcium-Gla coordinates are found to be small (see Table
for this plot. In the determination of B-factors, we used residues 1). The calcium ion coordinations were assessed during the last
11-45 for alignments of the snapshots before calculating the 100 ps of dynamics. We find some €6la exchange in the
average fluctuations during the last 300 ps of dynamics. Since Gla—calcium network during that time window. However, we
the B-factors were calculated using the coordinates at the lastdefine a residue to be bound to a calcium ion if at least 75% of
300 ps of the trajectory, they provide a comparison of the the time it makes contact with the ion. With this definition,
average structural features at the end of the trajectories. As carpnly calcium ions 1, 2, 6, and 7 show conserved Gla coordina-
be seen, both simulations 1 and 2 show quite comparabletion (i.e. bound) in the solution as compared to the crystal
B-factors for thew loop (residues +11). Large B-factors can  (though there are fluctuations in the coordinations), while
be observed for simulation 3 compared to simulations 1 and 2. calcium ions 3, 4, and 5 undergo changes in the-@kdcium
This may be due to the initially inadequate local charge provided network by losing some of their contacts (crystal to solution).
by ions for counterbalancing the charges near the Gla residuesBoth calcium ions 3 and 4 lose contacts with Gla-16, and
and the mobility of some sodium ions that move in and out of calcium ion 5 loses its contact with Gla-14. Thus, even though
coordination. The segment containing residues 3®falls into the general features observed in the previous structure analysis
a turn region between two helices in the wild-type structure do not point to local structural changes due to solvation of the
and displays a prominent peak in B-factors of almost all cases. protein, the Gla-calcium distribution does exhibit such local
For the calcium-outside simulation (simulation 2), this segment readjustments. However, it is significant that we do not see
also has an interaction with the very mobile residues in the migration of any bound calcium ions to the solution during this
C-terminus leading to the large deviation seen in Figure 2. 20 ns trajectory in simulation 1. In simulation 3, X-ray calcium

Ca differences [[(rcq.(X-ray) — rco(Simulation) after optimal ion positions were used to place seven sodium ions with extra
alignment] can be more valuable in assessing the true deviationgeight additional) sodium ions placed in the solution to provide
of final structures when compared with the X-ray crystal a neutral unit cell. Interestingly for this case, we observed
structure. In Figure 3, the cCdifferences are displayed after transitions to and from solvent by the sodium ions. In addition
averaging over the final 300 ps time segment of each trajectory. to the original sodium ions that participate in the Gfdium
Note here that the same residues<45) as used for previous  network, two additional sodium ions migrated into the region
B-factor calculation are used for the prior-to-calculation align- of the ion—Gla network. Thus, a somewhat rearranged-ion
ments. In simulation 1, these distances averagél for thew Gla network is observed for simulation 3. The most surprising
loop. However, displacements of the positions of héoop observation occurs in simulation 2 (all calcium ions initially
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TABLE 1: Calcium —Gla Coordination Network? 40 prerr T T o
X-ray FVII/Ca?" 20 -
crystal FVIl/Ca? (outside) FVII/Na* i , , , e
structure  (simulation 1) (simulation 2) (simulation 3y A0 pHAT T T ARSAIE
ion-1 Gla-7(2) Gla-7 Gla-7(2) Gla-7 20 —
Gla-26 Gla-25 Gla-26(2) Gla-26(2) | l .
Gla-29(2) Gla-26 Gla-29(2) Gla-29(2) 40 A NARARE
Wat(2) Wat(2) Wat(2) Wat(2) < 20 E
ion-2  Gla-7(2) Gla-7(2) Gla-6(2) Gla-16 o H B
GIa_lG Gla-16 GIa_? Wat(s) O 40 —l : : : L L LI LI ]
Gla-26 Gla-26 Gla-26 5 Lo hona
Gla-29 Gla-29 Gla-29 5 20 -
Wat(3) Wat(3) (@) E \ .
ion-3 Asn-2 Asn-2 G|a_6(2) Ala-1 % 40 j HH I HHH [T
Gla-6 Gla-6 Gla-7 Gla-16(2) % 20} 3
Gla-7 Gla-26 Gla-26 Gla-26(2) 2 ]
Gla-16(2) Wat (% 40 T |_
Gla-26(2) ) v 3
ion-4 Ala-1 Ala-1 Gla-6 Gla-16 £ 20 -
Gla-6(2)  Gla-6 Gla-26(2)  Wat (4) = A
Gla-16(2)  Gla-20(2) o 40 1
Gla-20(2) Wat 8 20 ]
Wat a ]
ion-5 Gla-14(2) Gla-19(2) Gla-19(2) Gla-19(2) 40 -f‘
Gla-19(2)  Wat(3) Wat(5) Wat(2) P&
Wat 20 4
ion-6 Gla-20(2) Gla-20(2) Wat(6) Gla-29 STy AT
wat(5) wat(3) % 5 10 15 20 25
ion-7 Gla-25 Gla-25 Gla-25 Gla-25 Time (ns)
Gla-29(2) Gla-29(2) Wat(6) Gla-26
Wat(3) Gla-29 Gla-29 Figure 4. Distances (A) of the ions in simulation 2 (involved in the
Wat(5) ion—Gla network) to thenearesiGla CD1 or CD2 (carboxylate carbons)
ion-8 Wat(6) Gla-7(2) as a function of time. The numbering is the same as that in Table 1.
Gla-29(2) The “blips” seen for ions 4, 5, 7 a 15 ns are 510 A fluctuations.
Wat(2)
ion-9 Gla-16

nanosecond for the first ion to migrate over 15 A and to find a
close contact with one of the carboxylate groups during the
2 Number of bonds with a particular residue is found in parentheses. course of the next few nanoseconds, three other calcium ions
“Wat” is the number of water molecules coordinated. Coordinates from ¢ ,nd their way to reestablishing contacts with the protein.
the last 200 ps were used for this analy8iSodium ion coordination Interestingly, two calcium ions are found to make only oc-

is represented in bold. In the calcium outside case, the sodium ion used h | ith th in but. in the 25 imulati
for neutralization became strongly coordinated with Gla-6. The italic casional contacts with the protein but, in the ns simulation,

residues are currently in a weaker coordination with ions. The number did not find a stable position for binding. After a few in and
within brackets denotes how many interaction sites per residue andout transitions, the only sodium ion used in the simulation (for
the number of water molecules in the coordination with ions. the purpose of neutralizing the system) found a stable position
corresponding to a possible (prior) calcium binding site. Also,

placed at least 17.5 A away from the peptide). In this case, mostseveral of the calcium ions, even though having found relatively
of the calcium ions found their way back to coordinations with stable binding positions to the protein for a significant length
the Gla residues. Not only do the ions migrate long distances of time, show transient 510 A displacements from the Gla
to initiate coordination with Gla residues, but additionally there residues (see Figure 4, panels 2, 4, and 5 from the bottom). In
appears to be a concerted response to restore thec@leium fact, the peak seen for simulation 2 for the B-factors (in Figure
network. The degree to which this happens over the time frame 2) may be largely due to the part of the calciuf@la network
of the simulation was quite astounding. Five of the seven that remains mobile in simulation 2 after 20 ns. Also, the
calcium ions in solution relocate to positions near the sites that occupation of the sodium ion in a possible calcium binding site
are seen to be coordinated for the wild type calcium ion bound may partly be responsible for the fluctuations of the partially
Gla domain (both X-ray and solution). Interestingly, a sodium reestablished calciumGla network during the time scale of a
ion used for the purpose of neutralizing the unit cell and few tens of nanoseconds.
originally far displaced from the peptide also establishes a  Figure 5a show a representative configuration of FVII wild
coordination with several Gla residues that are located in a type selected near the end of simulation 1. The N-terminal Ala-1
position that defines one of the “ inside” calcium ion binding  forms an elaborate chelation complex with several calcium ions
sites for the wild type. and Gla side chains. Three hydrophobic residues ofutheop

It is rather informative for simulation 2 to display the timings are directed away from the calciun®Gla network. This finely
of the approach of calcium ions leading to the re-formation of folded structure was also the case for the X-ray crystal structure.
the Ca-Gla network. To accomplish this, we compute the The backbone ribbon for this solution structure superimposes
nearestdistances ofiny calcium ion toany carboxylate group well with the X-ray crystal structure, and at least six calcium
of any Gla residue. In Figure 4, we present the time course of ions participate in the tightly knitted calciunGla network. A
these minimum distances of calcium ions (or the sodium ion) similar orientation from the end of simulation 3 is displayed in
to any carboxylate group. The nearest distances were calculatedrigure 5b along with the superimposed backbone of the X-ray
at 10 ps intervals. Initially all of the ions were at least 17.5 A crystal structure. A clustering of sodium ions in an arrangement
from the closest protein atom. While it took more than a different from that of the calcium ion arrangement of the X-ray

Wat(4)
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the N-terminal Ala-1. These H-bonds are involved in the-Gla
calcium chelation complex at the N-terminus for the X-ray
crystal structure. For the wild type case, three H-bonds involving
Ala-1 are stable for essentially the entire nanosecond with a
fourth H-bond observed at 59% of the time. This scenario is
dramatically changed for both simulations 2 and 3. In both cases
.. the above-mentioned H-bonds are observed less than 50% of
the time, indicating a weaker N-terminal attachment to the main
structure than is required for the loop positioning. However,

(a) ©
®
the H-bonds beyond the» loop are found to be mostly
conserved. This observation is consistent with the structures
shown in Figure 5. Also, the dynamic nature of the system is
further confirmed by the less than 100% occupancy of the H
(b bonds. As mentioned previously, the large peak in the B-factor
. (simulation 2) for the residue segment335 can be rationalized
¢ via the H-bonding pattern. The backbone of Lys-32 is tightly
bound with the backbone of Arg-28 in the X-ray crystal structure
and in all three simulation structures. However, the neighboring
residue Gla-29 is in a complex coordination state with several
calcium ions (X-ray and simulation 1 structure). Removal
(simulation 2) or change to sodium ions (simulation 3) of these
calcium ions could be responsible for the mobility of Gla-29.
This mobility would then be translated to the segment (residues
© o ( 31-35) via strong H-bonds such as the Lys3g28 bond
that is conserved. In the wild-type simulation (simulation 1),
there is no such drastic change associated with theGla

network, and the residue 3B5 segment is stable.

Figure 5. Representative snapshots near the end of the simulations. In the NMR, study of Sunnerhagen et‘alon the CqIC|um-
Backbone ribbons are displayed along with the backbone ribbons (light free Gla domain structures of factor X, the hydrophobic residues
lines) of FVII in the X-ray crystal structure (dark line). Two views in the w loop (Phe-4, Leu-5, and Val-8) were found to be in
rotated by 90 are shown. Backbone atoms of residues-43 are the interior of the domain with the exposed Gla residues in the
optimally aligned with the X-ray crystal structure. All simulation ions loop. That is, an inversion of structure occurred for théoop
involved in the Gla-ion network are also shown (calcium ions, dark in the absence of calcium ions as compared to the X-ray crystal

spheres; sodium ions, light spheres). (a) wild-type FVII (from simulation - . . . ;
1 atT = 20 ns). (b) FVII with sodium ions (only) (from simulation 3 (or simulation 1) structure. The main conclusion of this study

at 20 ns). (c) FVII with calcium ions moved away from the X-ray crystal Was that calcium binding leads to exposure of the hydrophobic
positions at the beginning of the simulation (simulation 2). Backbone residues of thev loop so that they are available for insertion
ribbons at various time intervals were displayed to emphasize the into the membrane surface. When the experimental system was
mobility of the w loop during the dynamics. compared with a calcium ion bound model system derived from
the prothrombin X-ray crystal structu&the rmsd for backbone
crystal structure can be seen here; though the N-terminal Ala-1 gtoms for residues-444 was reported to be 1.47 A, whereas
is still found to be participating in the calciunGla network, residues 1318, 24-30, and 3442 had rmsds less than 0.6
the position of thew loop is moved from the original X-ray A 41 |n the recent magnesium ion bound form of factor X
crystal position. The most interesting structural changes are seefcomplexed with peptide M84RY¥,the X-ray crystal structure
in representative configurations selected at 5 ns intervals from yevealed a form for which the first 11 residue fragmentdgop)
simulation 2 (see Figure 5c). Tleloop (residues +11) shows s in a novel conformation. Wang et #l.argues that this
considerable motion during the dynamics period. What is the conformation likely represents an intermediate folding state of
cause of the substantialloop motion? For one thing, some of  the domain. The» loop is found to be quite extended and does
the nery bound calcium ions are in fact found to be those that not carry the Signature of am |oop. The reported NMR
have returned to the interior of the peptlde structure. Several of structures for factor 1X with magnesium id‘ﬁare found to have
those ions are involved in the structure of theloop, in intermediate structures between the calcium-bound form (pro-
particular the N-terminus. That iS, we find that the 25 ns time thrombin and factor VII X_ray Crysta| Structures) and the
period is apparently long enough to observe repositioning of a strycture with magnesium and M84R. We cannot directly
majority of calcium ions to the original binding sites found in  compare our simulated structures with the various experimental
the wild type calcium bound FVII configuration. There are stryctures, since the conditions employed in the experimental
important precedents for this conjecture. The mobility of¢the  studies are somewhat drastic compared to the simulation
|00p has also been reported eXperimenta”y in the calcium-free conditions. For examp|e' we have attempted to rep|ace the
NMR structures of factor X and in the experimental magne-  calcium ions by sodium ions (simulation 3), but the positions
sium ion bound structure of factor IR, of the seven sodium ions remained at positions found in the
A comparison of the hydrogen-bonding patterns for the stable bound-calcium ion structure. Even with the reduction in charge
structure (simulation 1) with the ion perturbed structures (calcium 2+ to sodium-+1), the initial sodium ion positions
(simulations 2 and 3) gives more detailed evidence of structural are electrostatically favorable for attraction due to opposite
changes (Table 2). We calculated the H-bonding for 100 charge interactions (Gla and sodium). However, additional
configurations (spaced at 10 ps) during the last nanosecond ofsodium ions were found in the Glaalcium networking region,
the simulations. A major set of H-bonds are associated with and a disrupted Gtaion network was observed. In the simula-

)
c)
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TABLE 2: H-Bonding Calculated during the Last Nanosecond of Dynamics
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FVIl/Ca**
(simulation 1)

FVil/Ca?t
(outside)
(simulation 2)

FVII/Na*
(simulation 3)

Ala-1:GIn-21 (N-H2—-0), 97
Ala-1:Gla-26 (N-H3—OE3), 59
Ala-1:Gla-26 (N-H3—0OE4), 99
Ala-1:Gla-20 (N-H1—OE4), 97
Leu-8:Leu-5 (N-H—-0), 34
Arg-9:Gla-6 (N-H—0), 64

Ser-12:Gla-16 (NH—OE4), 93
Arg-15:Gla-16 (NE-HE—OEZ2), 100
Gla-16:Ser-12 (NH-0), 77
Cyx-17:Leu-13 (N-H-0), 71
Lys-18:Leu-13 (N-H—-0), 28
Gla-19:Gla-14 (N-H-0), 85
Cyx-22:Tyr-44 (N-H—OH), 33
Ser-23:Gla-26 (NH—OE3), 35
Ala-27:Ser-23 (N-H—0), 80
Arg-28:Phe-24 (N-H—0), 66
Gla-29:Gla-25 (N-H—0), 62
Arg-28:Lys-32 (NE-HE—-O0), 67
lle-30:Ala-27 (N-H—0), 51
Phe-31:Ala-27 (N-H-0), 71
Lys-32:Arg-28 (N-H—0), 84
Asp-33:Phe-31 (NH-0), 97
Gla-35:Gla-35 (\H—OE4), 63
Arg-36:Asp-33 (N-H-0D2), 44
Thr-37:Asp-33 (N-H—0), 87
Thr-37:Asp-33 (OG+HG1-0), 98
Lys-38:Ala-34 (N-H—0), 90
Leu-39:Gla-35 (N-H—-0), 81
Phe-40:Arg-36 (N-H—O0), 48
Trp-41:Thr-37 (N-H—-0), 86
lle-42:Lys-38 (N-H—0), 66
Ser-43:Phe-40 (NH-0), 37
Tyr-44:Phe-40 (N-H—-0), 68
Tyr-44:Cyx-17 (OH-HH—-0), 65
Ser-45:Trp-41 (N-H—O0), 84
Ser-45:Trp-41 (OGHG-0), 98
Asp-48:Ser-45 (NH-0), 48
GIn-49:Ser-45 (N\H-0), 51

Ala-1:Gla-6 (N-H1—-OE4), 45
Ala-1:Gla-20 (NH2—0OE3), 29
Ala-1:Gla-20 (NH2—0OE4), 39
Ala-1:Gla-20 (NH1—-0OE4), 30
Ala-1:Gla-6 (N-H3—OE4), 30
Leu-5:Asn-2 (N-H—0), 40
Leu-5:Asn-2 (N-H—0OD1), 27
Gla-6:Asn-2 (N-H—0), 60
Leu-8:Leu-5 (N-H—0), 45
Arg-9:Leu-5 (N-H—-0), 59
Ser-12:Gla-16 (NH—OE3), 88
Ser-12:Gla-16 (O&HG—OE3), 73
Leu-13:Gla-16 (NH—OE3), 86
Gla-14:Ser-12 (NH-0), 64
Arg-15:Gla-19 (NEHE—OE3), 39
Arg-15:Ser-12 (NH—0G), 38
Gla-16:Gla-16 (NH—OE3), 68
Cyx-17:Leu-13 (NH-O0), 82
Lys-18:Gla-14 (NZHZ3—OE1), 44
Gla-19:Gla-14 (NH—0), 58
Gla-20:Arg-15 (NH-0), 39
GIn-21:Gla-20 (NH—OE1), 81
Ala-27:Ser-23 (NH—0), 73
Arg-28:Phe-24 (NH—0), 95
lle-30:Ala-27 (N-H—0), 73
Phe-31:Ala-27 (NH-0), 32
Lys-32:Arg-28 (NH—0), 91
Asp-33:Phe-31 (NH-0), 83
Arg-36:Asp-33 (NH—0D?2), 46
Thr-37:Asp-33 (OG:HG1-0), 100
Thr-37:Asp-33 (NH—-0), 83
Lys-38:Ala-34 (N-H—0), 87
Lys-38:Gla-35 (N2HZ1—-OE1), 32
Lys-38:Gla-35 (NZHZ3—0EL1l), 28
Leu-39:Gla-35 (NH—0), 59
Phe-40:Arg-36 (NH—0), 44
Trp-41:Thr-37 (NH-0), 90
lle-42:Lys-38 (N-H—0), 60
Ser-43:Phe-40 (NH-0), 41
Tyr-44:Phe-40 (NH—0), 92
Tyr-44:Cyx-17 (OH-HH—-0), 60
Ser-45:Trp-41 (NH-0), 97
Ser-45:Trp-41 (OGHG—-0), 85
Asp-46:lle-42 (N-H-0), 52

@ The percentage of time the H-bonds were observed is also shown.

Ala-1:Gla-20 (NH1—-OE4), 37
Ala-1:Gla-26 (NH3—O0E2), 41
Ala-1:Gla-20 (NH3—OE4), 38
Ala-1:Gla-26 (NH2—OE2), 40
Gla-6:Phe-4 (NH—0), 30
Leu-8:Leu-5 (NH—O0), 27

Ser-12:Pro-10 (NH—-0), 45
Arg-15:Ser-12 (NH—0G), 30
Cyx-17:Leu-13 (NH-0), 77
Lys-18:Arg-15 (N-H—-0), 73
Gla-19:Arg-15 (NH-0), 95
Gla-20:Gla-16 (NH—0), 32
Ser-23:Gla-26 (NH—OE1), 40
Ser-23:Gla-26 (O6GHG—OEL), 94
Ala-27:Ser-23 (NH—-0), 53
Arg-28:Gla-25 (NEHE—OE4), 32
Arg-28:Phe-24 (NH—0), 91
lle-3Ala-27 (N-H—0), 39
Phe-31:Arg-28 (NH—0), 30
Lys-32:Arg-28 (N-H—0), 92
Asp-33:Phe-31 (NH—0), 90
Arg-36:Asp-33 (NH—0D2), 30
Thr-37:Asp-33 (NH—0), 60
Thr-37:Asp-33 (OGtHG1-0), 99
Lys-38:Ala-34 (NH—O0), 97
Lys-38:Gla-35 (NZHZ2—0E?2), 37
Leu-39:Gla-35 (NH—0), 46
Trp-41:Thr-37 (NN\H—0), 92
lle-42:Lys-38 (NH—0), 75
Ser-43:Leu-39 (OEHG—0), 46
Ser-43:Phe-40 (N\H—-0), 47
Tyr-44:Phe-40 (NH-0), 97
Ser-45:Trp-41 (NH-0), 95
Ser-45:Trp-41 (O6GHG—0), 90
Asp-46:lle-42 (NH-0), 51
Gly-47:Ser-43 (NH—0), 35
Gly-47:Tyr-44 (N-H-0), 43
Asp-48:Ser-43 (NH-0), 74

tion for which calcium ions were initially placed far outside well-established. The calcium ion bound form is critical for
the vicinity of the protein (simulation 2), there exists the proper membrane binding and subsequent proteolytic events that
opportunity for ions to diffuse toward the protein, since the maintain normal hemostasis. Thrombotic disease states are
distances are still near enough for ions to feel the strength of gjrectly related to the membrane binding provided by this
the long-range electrostatic interactions. However, this situation gomain. In this work we have simulated the stability of the Gla
IS more Interesting thar! smula’qon 3, since the ca@lcmm 10NS " 4omain with respect to drastic changes in the ion environment.
avidly located the coordlnat!on sites Wh!le the proteln wasina rpe gross changes have been studied experimentally. We find
local structure near that suitable for lipid binding. One might . . . .
have predicted that early in simulation 2, repulsive forces would by unconstrained molecular dynamlc.s mmulaﬂons@ ns
distort the protein significantly before the ions could return. This that .(a) thg X-ray -crys'FaI structure is largely mam.talne.d n
mostly did not happen. Although the limitations in the time Solution (with calcium ions bound); (b) when sodium ions
scales used for the simulations play a role in obscuring a replace the calcium ions, relatively small global structure
complete picture of dynamical events, we were able to observechanges are seen (Figure 5b) locally; particularly at the critical
some of the early changes that the protein undergoes duringN-terminus, the hydrogen-bond network is greatly weakened
the unfolding and refolding due to the incorrect positioning of (Table 2); (c) when all calcium ions are removed to distant
ions (as in simulation 2) or finding the incorrect type of ions at solution locations in the initial structure, significant global
the sites occupying them (as in simulation 3). changes occur in the N-terminusloop region (residues-111),

but much of the structure is unchanged. Several of the displaced
Summary calcium ions diffuse back, in the electrostatic field of the ion-

The structures of the Gla domain bound with divalent metal stripped protein, to locations similar to those of the X-ray crystal/
ions of several homologous vitamin K-dependent proteins is simulation 1 structures (Figures 4 and 5C and Table 1). These
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simulations provide us with an unusual glimpse of the relative
speeds of detailed ion movements to global protein folding/
unfolding.
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