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Abstract Heme proteins serve as a source of oxygen in
nervous tissue during anoxia. The functional routes of a diox-
ygen (O) diffusion in a novel structure of a minihemoglobin
(CerHb) molecule present in worm Cerebratulus lacteus are
not known. In this paper, the results of 1 ns molecular dynam-
ics simulations of this process are presented. The locally
enhanced sampling method (LES) and CHARMM force field
were used for simulations of CerHb with 1-15 copies of O».
It was found, that several alternative routes are possible. The
dominant path consists of two steps. Firstly, ligands move
from the heme pocket to a different cavity through the barrier
defined by the residues Phe10 and Tyr48. Secondly, ligands
leave the protein passing through the more complex barrier
situated between the E/F loop and the H helix. We note that
the number of paths observed depends on a number of LES
copies of (0y).

Keywords Minihemoglobin - Locally enhanced sampling -
Molecular dynamics

1 Introduction

Globins are small respiratory proteins (140—160 residues)
containing heme  prosthetic ~ group, namely the
Fe-protoporphyrin IX ring. Heme is hosted in a protein pocket
defined by distal E- and proximal F-helices. Gaseous ligands
(e.g. dioxygen, O») are bound reversibly by the heme-Fe ion
on distal side. On the proximal side, the Fe atom is coor-
dinated by a characteristic HisF8 residue. Despite the large
differences in their primary and quaternary structures, the
globins present a well-conserved tertiary structure organized
in a three-on-three «-helical sandwich, the so-called globin
fold [1, 2] (Fig.1a). Most globins serve either as O, and
CO, transport proteins (hemoglobins) or as oxygen storage
in muscles (myoglobins).
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Recent research extended the list of vertebrate globins by
two new members: Neuroglobin (Ngb) and cytoglobin (Cgb)
[3, 4]. Both molecules belong to a class of hexa-coordinated
globins. Ngb is expressed in nervous tissue, whereas Cgb is
expressed at low concentration in all tissues.

Here, we describe ligand diffusion in nervous tissue mini-
hemoglobin from Milky ribbon-worm (Cerebratulus lacteus
— CerHb) — another member of the neural globin family
[5, 6]. Its sequence contains only 109 amino acids, thus this
molecule is a very attractive model system (Fig. 2b). The dele-
tion of the A-helix and a shortening of the H-helix in compar-
ison with the “standard” myoglobins may form the structural
basis for the difference in affinity of CerHb to gaseous lig-
ands and that measured for the other known globins. The
structure of CerHb was discovered by Pesce et al. [5]. These
authors indicated a wide channel leading from the heme cav-
ity to the solvent but there is no useful information about
a detailed route of the ligand from the cytosol to the heme
pocket. The approximate channel has been determined using
SUREFNET code [5] applied to the static X-ray structure of
CerHb. While CO diffusion in myoglobins was intensively
studied using computer modeling [7-11], no molecular
dynamics simulations of ligand diffusion in this interesting
system have yet been performed. Since it is important to
know what residues affect ligand diffusion, in this work we
have initiated extensive, nanosecond scale MD studies of O,
diffusion in the CerHb matrix using CHARMM?27 force field.
Molecular dynamics data support hypothesis presented by
Pesce et al. [6] that Thr-E11 regulates O, affinity in CerHb.
Moreover, our results may encourage further kinetic experi-
ments on CerHb variants and suggest what model of ligand
diffusion — “ballistic” or “sponque” is more appropriate for
minihemoglobins [7].

2 Methods

Structure of C. lacteus minihemoglobin was obtained from
Protein Data Bank (PDB [12] code of the oxy form is 1KR7).
Simulations of the minihemoglobin using the locally
enhanced sampling (LES) [7,13] algorithm were carried out
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Fig. 1 a The classical globin fold (human hemoglobin 1A3N). b Minihemoglobin from Cerebratulus lacteus. The helices are labeled from

N-terminus to C-terminus (A, B, ..., H). Heme group is shown in yellow

using the NAMD program [14] with CHARMM?27 force
field. The LES method is briefly described in the Appendix.
Four simulations, each 1 ns long, with 1, 5, 10, and 15 copies
of Oy ligand were obtained. All simulations were performed
in a model water box (TIP3, 49.5 x49.0x50.OA3, at least
7 A distance from the protein atoms to the border was kept).
The cutoffs for van der Waals and electrostatic interactions
were 12 A. The switch distance was 8 A, and 1-4 scaling was
used. The protein structures were initially frozen, thus the
equilibration of water molecules was performed for 50 ps.
The heating from O to 300K was performed during the next
100ps of dynamics. During the main simulations the tem-
perature was held at 300 K by Langevin dynamics (Langevin
damping factor was 5). Final structures used in these simu-
lations had over 11,000 atoms. The analysis was performed
using the VMD code [15]. Each trajectory was calculated on
a cluster of 4xPentiumIV 2.0 GHz, 512 MB RAM running
Linux Fedora 2.0 operation system. The Figs.7,8,9,10,11
were prepared using trajectory path script from the VMD
web site (authors: Andrew Dalke and Axel Kohlmeyer). Ami-
noacid composition of ligands diffusion pathways were ob-
tained using a script written by S.O. It was assumed that
protein—ligand contacts (collisions) occurred when the dis-
tance between the ligand and an atom from hemoglobin was
lower than 2.5 A.

The idea of the LES method is rather simple [7] (see
Appendix). The whole system is divided into two subsys-
tems: a big one and a small one. For example, in our case:
The protein (CerHb — 1,674 atoms)+water box (over 9,000
atoms) compose the big subsystem and the ligand (dioxygen
— 2 atoms) — the small one. Several non-interacting copies of
the small subsystem (copies of the ligand) were built. These
atoms are affected by a non-bonding (van der Waals and elec-
trostatic) potential from the protein. On the other hand, the
big system (protein+water) experiences an average potential
from all copies of the ligand. In this way, enhanced atoms can
occupy the same space and sampling of the conformational

no LES
—— 10 LES

tins

Fig. 2 RMSD (Ca atoms) for trajectory with one and ten copies of
dioxygen

space is more efficient than in the case of just one small
ligand and the barriers are reduced [16]. This approach not
only increases the sampling intensity, but also the transition
rates for ligands. The LES trajectories with ten copies may in
principle give information equivalent to data obtained from
one order of magnitude longer classical MD simulations.

3 Results and discussion

In all trajectories Cae RMS (root-mean-square distance) with
respect to the pdb protein structure did not exceed 1.5 A, thus
we consider these model as reasonably stable (see Fig.2).
The lack of the A helix, a shorter H helix and the presence
of large, wide tunnel indicate that a novel diffusion pathways
in CerHb may be expected in comparison to the standard
myoglobin picture [7,17,18]. 1 ns classical MD trajectory
(1 copy, no LES) was too short to observe the dioxygen
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escape to the exterior of the protein matrix. The ligand sam-
pled heme cavity and occasionally visited the other cavity
— Cavl, somehow close to the so called pocket Xe4 in Mb
[17-19] — see Fig. 3a. The model system with five LES cop-
ies of O did not give any exit paths either (Fig. 3b). Only for
LES trajectories with 10 and 15 copies we found successful 2
and 4 exit paths, respectively. Thus, six different routes were
found in total.

Analysis of all MD trajectories and O3 collisions shows
that at least two pockets accessible to O, are present
inside CerHb except for the heme distal pocket (CavH, Fig. 3).
The main heme pocket is composed of Tyr11, Leul4, Phel5,
Phe25, GIn44, Thr48 and PhelO residues. The first pocket
is rather small and is composed of Tyrll, Phe27, Leu35,
Ala40, Tyr41 (Cavl). The second pocket (CavIl) is composed
of [le52,1le56, Asp61, Leu65, Leu86, Leu9s, Ile102, Alal01.

There are two alternative routes for trajectory with ten
copies of the dioxygen:

T1. The ligand left heme pocket, just after 15 ps of dynam-
ics, through a cleft between GIn44 and Lys47 (Fig.4a).
This path is an analog to the classical ligand exit path
postulated for myoglobins, where E7 residue gate con-
trols release and uptake of the O; [5]. Interestingly, Pesce
etal. [5] considered this path in CerHb to be rather impos-
sible, since substantial conformational transitions of
X-ray determined location of side chain of Gln 44 would
be required. Results of LES10 simulations have shown
that such a path is possible. The shortest distance respon-
sible for a “bottleneck” in T1 path is that for OE1 GIn44-
CD Lys44 pair of atoms. The 1ns average value of this
distance is 5.2 A, minimum is 3.6 A, maximum - 7.1 A,
but a value of 6.2 A is large enough to observe the pas-
sage of O through this gate. Such an “open” distance was
observed only during 3% of the simulation time. Thus,
despite the fact that 50% of all O, collisions noticed in the
first 100 ps of T1 trajectory are with Gln44 and/or Lys47
residues (other collisions are with heme, Thr48, Thr43,
Tyr11, Phel0) the “classical” E7 exit path in CerHb is of
rather low probability.

T2. Three ligands moved from the heme pocket through

the “gate” at Tyrl1 into Cavl (Fig.4b). Then O, copies
left CerHb through a passage composed of Tyr41, AspS,
Ala45, Cys42, Val7, Ala4, Val49 (between B and E heli-
ces). The close contacts between O, and Ala45 (2.45A)
and Asp8 (3 A) were observed. The process of O diffu-
sion from heme pocket to the solvent required long times
of 720 and 800 ps to be completed.
In LES10 trajectory none of the ligands escaped through
the main channel postulated on the basis of the X-ray
data [1], however the trajectory with 15 copies gave such
events. In LES15 the following four possible paths for
ligand diffusion were obtained:

T3. The ligand left the heme pocket at 380 ps directly to the
solvent through the barrier at Leul4, Asn8l; a
final phase of this O, copy diffusion is not far from
His18 (Fig.5a). Out of the 2,916 collisions of this O,
ligand with aminoacids the following statistics is

obtained: Phe25-269, Leul4-265, Lys88-245, Cys85—
244, Tyr11-240, Phe10-230, Heme-215, Thr48-192,
GIn44-169 and Asn81-120. There are also much less
frequent collisions with 14 other aminoacids. T3 path
clearly represents a variant of “classical” path where a
ligand finds a way out almost directly from CavH to the
solvent.

T4. Is yet another representative of such path. A ligand left
the heme pocket (320ps) through the barrier at Lys47
and Tyr51 (Fig. 5b). The critical distance between heme
CMA-Tyr51 CD1 atoms fluctuates within 3.5-4.5 13;, but
some five episodes (<10% of simulation time) of large
distances of 6 A were found in our 1 ns LES15 trajectory.
Our “successful” ligand passes through the heme-Tyr51
during the first of these events.

Finally, TS and T6 routes are located within the large and
wide tunnel present in CerHb [5]. The corresponding ligands
moved from the heme pocket to the second pocket (Cav II)
passing by Phel0, Tyr48 and then Ile52, Leu86. This looks
like a sort of double gate. The following collisions (number in
parentheses) with the hydrophobic residues which form the
channel are observed: Val7 (145), PhelO (215), Ile52 (508),
Ala55(256),Leu86(278),Leu98 (316), Alal01 (244),1le102
(146),11e105 (128), Thr48 (217), Tyr51 (164). From there the
ligands had left protein (at 750 ps) close to I1e56, Leu98 and
Alal01 (Fig. 6a). In T6, like in the route TS the ligand moved
from the heme pocket to the Cavll pocket, but then left the
protein matrix through a slightly different neighborhood of
Ala62, Alal01, Asp104 (Fig. 6b). Statistics for collisions in
the channel is similar to that of TS. It was rather suprising
to see that our standard 1ns MD simulations was not long
enough to allow for O, diffusion through the wide escape
channel present in CerHb. Even in LES calculations over
50% of escape routes were through more or less direct paths
to the solvent. The main residues blocking the access to the
channel are Phe10 and Thr48. It seems that the structure of
minihemoglobins, or at least CerHb allows for alternate path-
ways for dioxygen uptake and release.

Presented data, showing multiple cavities in CerHb, are
consistent with the recent results obtained by Pesce et al.
[6]. Low temperature derived spectroscopy (3 —160K) indi-
cates that recombination of photolyzed CO ligands occurs
from some distant C and D sites. According to these authors,
the hydrogen bond between Thr—E11 OG1 atom (or Thr48)
and Tyr-B10 (or Tyrl1) side chain plays a critical role in
regulating O, affinity of CerHb. In all the calculated MD tra-
jectories the distances d between Thr—E11 OG1 and Tyr-B10
OH atoms are indeed within the hydrogen bonding range, for
example, d = 2.86 & 0.16 A in 1ns standard MD trajectory,
d=2.85+0.16A in LES10 trajectory (the X-ray value of d
is 2.59 A [6]). Thus, this hydrogen bond helps to keep Tyr—
B10 away from the O, binding site. It was observed that,
in ThrE11Val variant the Tyr—B10 hydroxyl group moves
towards heme plane and changes O kinetics by a few orders
of magnitude [6]. While MD studies of CerHb mutants are
still under way in our laboratory, it is interesting to note that
the presence of the oxygen ligand in the heme cavity affects



256 S. Orlowski, W. Nowak

Fig. 3 a Result from simulation without LES. The heme cavity an the Cavl pocket are shown. b Result from LES simulation with five copies of
the ligand. The Cavll is shown

Fig. 5 a Routes T3. b Routes T4. Description in text
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Fig. 6 a Routes T5. b Routes T6. Description in text

the Fe — Tyr—B10 OH distance in the native CerHb. In the
standard (i.e., one O» copy) 1 ns MD trajectory, this distance
decreases from 6.23 = 0.34 to 5.53 & 0.30 A upon O, leav-
ing the heme pocket. This effect indicates a strong Tyr—-B10
ligand interactions.

4 Conclusions

In CerHb a very long (>10ns) simulation will be necessary
to obtain a classical diffusion path for a single dioxygen lig-
and at ambient temperature. The main barriers on crossing
from the heme pocket to the next stages of ligand transport
through the large CerHb channel are Phel0 and Thr48. The
LES method helps to find out possible diffusion paths. Our
data (10 and 15 LES ligands) suggest a possibility of multiple
diffusion routes in CerHb, as at least distinct six paths were
identified. Only two paths were located within the channel,
the other paths were variants of a “classical” direct escape
of ligands from the heme pocket to solvent. In our opinion
MD simulations give a better insight into the quite dynamic
phenomenon of ligand diffusion in biopolymer interior than
even careful, but static, inspection of the rigid protein X-ray
structure.
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Appendix

The LES method developed by Elber and Karplus [7,13] is
based on the assumption that the phase-space density can be
written as a product:

,0(1_57 Qvt) = IOS(I;Ss é57 t)pB(I;B’ éB’t)7

where pg is the density of the ligands (a small subsystem) and
pp is the density of the protein (a big subsystem). R = (P, Q)
is the location of system in the phase space of momenta P
and space coordinates Q. It is also assumed that the density
of the protein can be written as:

pB(Pp, O, 1) = 8(Pg — Pog(1), O — Qop(1)),

and the copied subsystem’s density can be written as:

N
ps(ﬁs’ éS7 1) = Zwks(ﬁs - ﬁOs(t)» és - éOs(t))»

k=1

where w is a weight function, and a complete set of Dirac
delta functions is used for the expansion of densities. In the
LES weights, w is assumed to be 1/N, where N is number
of copies. From these assumptions we obtain the equations
describing motions of the bath and the copied system, which
are equivalent to the Newton equations of motion [7]:

9 Qosk _ 9 H (Post, Q(isk, Pog, Oop)
ot 9 Posk
9 Posk _ 9H (Posk. Qosk. Pos. Qop)
o 9 Qosk
9Q0s _ ﬁ:wkaH(ﬁOSk, éOfk, Pos. Qop)
ot P 9 Pop
9 Pop __ wkaH(ﬁOSk, Qo:vk’ Pog. Oop)
ot il dQoB
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