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Abstract 

Protein-assisted transport of protons across the bioenergetic membrane is mediated by hydrogen-bonded networks. These 
networks involve titratable amino acid residues of membrane-spanning protein assemblies as well as internal water 
molecules. In cytochrome c oxidase, the so-called D-channel defines such a network for the uptake of protons from the 
cytoplasmic side of the membrane. It has been proposed that conformational changes of a Glu residue are required for the 
establishment of a proton linkage from the channel into the active site. The thermodynamic basis for the conformational 
isomerization of this residue is investigated using simulated annealing and free energy molecular dynamics simulations. The 
results support the existence of metastable conformations of the side chain, and their interchange through local structural 
fluctuations of neighboring residues and nearby internal chains of water molecules. The conformational isomerization of 
both protonated and unprotonated states of Glu, coupled with the reorganization of hydrogen bonds, suggests a kinetically 
competent mechanism for proton shuttling. © 1998 Elsevier Science B.V. 
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Proton translocation across biological membranes 
is required for the establishment of pH gradients. The 
resulting chemiosmotic force constitutes the central 
principle of bioenergetics. Unlike that of other ions, 
the transport of protons does not require the net 
diffusion of atomic or molecular species but can 
instead take place according to a 'Grotthus mecha- 
nism' involving chemical exchange of hydrogen 
nuclei along hydrogen bonds forming extensive net- 
works [1]. Because of the extended and complex 

*Corresponding author. Fax: +1 505 6653493; E-mail: 
regis@lanl.gov 

nature of such networks, the molecular properties and 
detailed mechanisms governing H ÷ translocation in 
proteins have remained elusive. A high level of detail 
is required to understand how proton pumping arises, 
and how it is coupled to redox reactions. In recent 
years, the elucidation of a number of three-dimen- 
sional structures of transmembrane protein assemblies 
involved in proton translocation has opened the way 
to detailed mechanistic studies through the analysis of 
such hydrogen-bonded networks. 

Conceptually, the molecular theory underlying 
proton transfer along hydrogen-bonded chains 
(HBC), or 'proton wires,' involves two complemen- 
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tary and distinct steps: proton transfer along pre- 
existing hydrogen bond(s), and conformational 
changes involved in the reorganization of the hydro- 
gen-bonded network. This is because the passage of a 
proton along an oriented HBC leaves the chain in the 
opposite orientation. Before the H + translocation 
cycle is completed, the reorientation of the chain 
must take place [2]. 

Three-dimensional structures of proton-translocat- 
ing proteins provide invaluable but sometimes incom- 
plete information. Wherever hydrogen bonds are 
missing in the connectivity of a putative proton wire, 
two questions may be asked: could intervening water 
molecules left undetected at the resolution of the 
structure constitute bridging links in an otherwise 
fragmented HBC? Could thermal fluctuations and 
conformational changes of the protein account for the 
formation of continuous or alternative HBCs impli- 
cated in the translocation? 

Understanding the basis for the possible role of 
water in proton wires is an active field of research. 
Water chains constitute tractable models of proton 
wires, and the best-characterized proton wire to date 
is the single-file chain of water molecules filling the 
gramicidin pore. Experimental measurements have 
shown that H + conduction in gramicidin is much 
faster than even the diffusion of water molecules 
through the pore [3], and theoretical studies have 
begun to provide useful insight on the balance of 
forces governing the fast (and passive) conduction of 
protons by gramicidin [4,5]. Furthermore, relay 
models of protons by buried water molecules have 
been proposed for several systems of bioenergetic 
relevance. For example, there is evidence for the 
involvement of buried water molecules in the bac- 
teriorhodopsin proton pump [6]. Proposals have also 
been made for a functional role of hydrogen-bonded 
water chains detected in high-resolution crystals of 
the photosynthetic reaction center [7] and of the 
lumen-side domain of cytochrome f [8]. 

Cytochrome c oxidase is an example where both 
the presence of functional internal water molecules 
and the conformational isomerization of titratable 
amino acid side chains appear to be required for the 
net movement of protons. Spectroscopic and muta- 
genesis studies [9,10] indicate that a Glu side chain in 
subunit I (residue 242 in the numbering scheme of 
bovine heart cytochrome c oxidase) is implicated in 

the relay of protons from the cytoplasmic (matrix) 
side to the binuclear center (via the so-called 'D- 
channel'). On the basis of the two structures pub- 
lished to date [11,12], however, this residue is 
surrounded by largely nonpolar cavities and does not 
appear to be part of a protein HBC. Theoretical 
approaches have shown that water molecules may 
occupy these cavities and largely complete the HBC 
[9,13]. However, the crystallographic conformation 
of GIu 242 of bovine heart cytochrome c oxidase 
suggests that in the fully oxidized form of the enzyme 
(X-ray state), the carboxylic acid group of this Glu 
residue forms a hydrogen bond only with water in the 
proposed input side for protons, as shown in Fig. 1. 
After protonation from water molecules in the input 
channel, the delivery (output) of protons to the side 
of the binuclear center, therefore, would necessitate 
the conformational isomerization of Glu 242 to form 
hydrogen bond(s) with water molecules in the output 
channel, as proposed earlier [9,13]. Once deproto- 
nated, and after reverting to its input conformation, 
the residue would be ready to pick up a new H +. 

We have investigated the thermodynamic basis for 
proton shuttling by Glu 242 in bovine heart cyto- 
chrome c oxidase, using molecular dynamics and free 
energy simulations of subunit I. In addition to the 
crystallographic structure [12], the positions of 16 
bound water molecules were determined in a previous 
study [9] using a statistical mechanical method [14]. 
The potential energy parameters of the protein and 
heme groups were provided by the CHARMM force 
field [15], version 22 [16], while the TIP3P model 
was used for water [17]. In the binuclear center, Fea3 
was in its ferrous state, and the propionates of heme 
a 3 were deprotonated. Asp 364, which is in contact 
with propionate A of heme a 3, was protonated. Cu B 
was modeled in the cupric state with a hydroxide ion 
as its oxygenic ligand. The calculations were repeated 
with and without proton on the carboxylic acid group 
of Glu 242. The local dynamics of all amino acid 

o 

residues with at least one atom within 5 A, and all 
four water molecules within 7 A from Cv of Glu 242 

was investigated, with all other atoms of subunit I 
fixed in their crystallographic conformation. The 
dielectric constant was taken as 1, and the cutoff 
radius for nonbonded interactions was 20 ~,. 

In order to identify stable conformations of Glu 242, 
simulated annealing was used to generate uncorre- 
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Fig. l. Structure of the proposed proton wire. GIH 242 sits at a bottleneck between two hydrogen-bonded water chains. These bound waters are highlighted, 
as well as the side chain of Glu 242. The D-channel is at the top right hand corner and includes Sef157. The binuclear center, which comprises heme a 3 and 
CuB, is at the bottom left hand corner. The residues near Glu 242 are also shown. By swinging from right to left, the carboxylic group of Glu could relay 
protons from the D-channel (input) to the binuclear center (output). 

lated conformations. Twenty structures were recorded 
at 0.5-ps intervals from a 10-ps simulation at a 
temperature of 5000 K, and the conformations were 
then subjected to gradual cooling over 7 ps, and to 
subsequent energy minimization. During simulated 
annealing dynamics, harmonic potential energy func- 
tions were imposed to restrain the position of heavy 
atoms other than those of Glu 242 and water molecules 
to the vicinity of their crystallographic position. This 
procedure led to the characterization of four and three 
distinct conformers, respectively, for the unproto- 
nated (Glu-) and protonated (GluH) states of GIu 242. 
In either case, the conformers are distinguished by a 
combination of different torsional angles as well as 
by different hydrogen-bonding properties (see Fig. 2). 

With small deviations from the crystallographic 
conformation, both protonated and unprotonated 
forms of Glu can exist in conformations where the 
carboxylic acid group is hydrogen bonded, respec- 
tively, with input and output water molecules, con- 
sistent with earlier proposals of its possible proton 
shuttling role [9,13]. Interestingly, the unprotonated 
Glu- possesses two 'bridging' conformations, BIN 
and Bou T, where it makes H bonds with both input 
and output water molecules in addition to the IN and 
OUT conformations where it is hydrogen bonded 

only to input and output water, respectively. In the 
torsional space, these bridging conformations are 
intermediate between the IN and OUT conformations. 
In contrast, in the absence of the carboxylate charge, 
the protonated form of Glu can only form a hydrogen 
bond either with the input channel (IN and IN' 
conformers) or with the output channel (OUT con- 
former). 

To evaluate the relative stability of the various 
conformations, and the activation energies that need 
to be overcome in the isomerizations, free energy 
simulations were performed. The isomerizations were 
characterized by the three torsional angles of the Glu 
side chain. Of these, it is mostly /~/2 and //3 which 
define the distinct conformations (see Fig. 2). Thus, 
for Glu-, isomerization from IN to B~N to Bou a. to 
OUT followed (X2,X3)-~(50,166) to (30,255) to 
(-65,325) to (-70,430) in the two-dimensional 
space defined by X2 and X3 dihedral angles (in 
degrees). Similarly, for GluH the isomerizations from 
IN to IN' to OUT followed (X2,X3)-(63,164) to 
(31,252) to (-84,332). The free energy contours, or 
their projection along X3 shown in Fig. 2, were each 
obtained from 34 equilibrium simulations at 300 K, 
from which the equilibrium distributions of X2 and X3 
were computed. Different starting configurations 
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Fig. 2. Free energy profiles for the conformational isomerization of (top) 
unprotonated and (bottom) protonated Glu 242. In the figures depicting 
each conformer, the input and output water molecules are shown, 
respectively, at the fight and left of Glu 242, with hydrogen bonding 
indicated by dashed fines. In a proton shuttle, Glu could become 
protonated from the input side either in its IN, BIN, or Bou x conforma- 
tion. GIuH could lose its proton to output waters in its OUT conforma- 
tion. 

were used. The total simulation time used to generate 
these data was 530 and 236 ps, respectively, for Glu- 
and GIuH. During some of these simulations, har- 
monic constraints were imposed on these torsions to 
improve the sampling across free energy barriers, and 
the unbiasing of these so-called 'umbrella simula- 
tions' was performed with the WHAM algorithm 
[18,19]. The resulting curves (Fig. 2) constitute the 
potential of mean-force or reversible work for the 
isomerizations. 

It must be stressed that the isomerizations involve 
only small displacements of the nearby amino acid 
residues, as well as of the neighboring water mole- 

cules. They do not require large scale motions of the 
protein, but instead can occur with local fluctuations 
and within small deviations from the X-ray structure, 
except for the carboxylic group of Glu 242, which 
swings by 3 ,~ over the IN-OUT flip. 

The relative thermodynamic stability of the various 
conformers is given by the relative free energies of 
the well bottoms (Fig. 2). Apart from the OUT 
conformation of Glu-,  all the conformations of Glu- 
(and all those of GluH) are within 1-2 kcal/mol from 
each other. Although the error bars of such calcula- 
tions are large and accumulate along the reaction 
coordinate (of the order of 0.5 kcal/mol between 
adjacent wells), these results indicate that because 
free energy differences are small, all conformations 
are likely to be significantly populated--with the 
exception of the unprotonated OUT conformer, which 
appears to be much less likely than the other confor- 
mers of Glu-.  The analysis of the hydrogen bond 
lengths with input and output waters indicates that, 
on average, Glu- forms stronger H bonds with the 

o 

input water (2.8 and 3.1 A, respectively, for input and 
output waters in the Bou T conformation). This is 
important because it contributes to the relative de- 
stabilization of the OUT conformation of Glu-.  

Perhaps the most significant feature of the free 
energy profiles is that the activation barriers separat- 
ing consecutive conformers, which rise to between 1 
and 3 or 4 kcal/mol in height, are small to moderate. 
This suggests that conformational isomerizations 
exchanging hydrogen bonds between G l u  242 and the 
input and output water molecules may occur suffi- 
ciently rapidly to be consistent with the kinetics of 
proton transport in cytochrome c oxidase. 

Based on these results, one can propose a detailed 
isomerization mechanism for the shuttling of protons 
from the input to the output side by G l u  242. Glu- 
could in principle receive an input H ÷ in either of its 
I N ,  BIN, o r  B o u  T conformations, all three of which 
engage in strong hydrogen bonding with the nearest 
input water molecule. In the first two cases, the 
protonation would leave GluH in its IN or IN' 
conformation, respectively. In both cases the car- 
boxylic OH would be facing the input side. Isomeri- 
zation to OUT would first be required before H + can 
be released to the output water channel. In contrast, if 
Glu- was instead protonated in its Bou T conforma- 
tion near (X2,X3)--(-65,325), the resulting GluH 
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would spontaneously lose its hydrogen bond with the 
input water molecule and adopt the OUT conforma- 
tion at (X2,X3)~-(-84,332). While moderate activa- 
tion energies are required in the first two processes, 
the last process involves no conformational isomeri- 
zation of Glu 242 and could in principle constitute a 
fast mechanism for the relay of protons from the 
D-channel to the binuclear region. Once deproto- 
nated, the conformations of Glu- could again rapidly 
equilibrate between IN, BIN, and Bou T , before pick- 
ing up a new proton. 

It should be noted that the calculations reported 
above focus on the conformational isomerization of 
Glu 242 and do not address the entire cycle sketched 
above. In particular, they do not provide information 
on the respective proton affinities of the various 
conformers. To determine the relative proton affinity 
of groups involved in the pathway(s) of H + transloca- 
tion, alternative protonation and charge or redox 
states of many other groups of the enzyme, par- 
ticularly in the binuclear center, must be character- 
ized in various conformational states and at various 
stages of the enzyme redox cycle. We estimate the 
electrostatic contribution of a unit-charge change in 
the redox state of the binuclear center to the relative 
energies of the IN and OUT conformers of unproto- 
nated Glu 242 to be within 1 kcal/mol 1. Because this 
value lies within the error bars for the complete 
IN-OUT isomerization obtained in the present study, 
our conclusions on the nature and the feasibility of 
the conformational isomerization of Glu 242 should 
hold for different charge distributions in the enzyme 
catalytic site. 

While the driving forces for H + translocation 
include electrostatic coupling, the existence of 
thermodynamically and kinetically competent path- 
ways involving successive hydrogen bonds is also 
essential. Furthermore, as noted in a recent theoretical 
study of pK a shifts in bacterial cytochrome c oxidase 
[20], the protonation and deprotonation of intervening 
residues such as the conserved Glu may constitute 

~Calculated as the upper bound of the difference in pairwise 
Coulombic interaction potentials obtained from representative 
conformations of the IN and OUT states of Glu , upon varying 
by one unit charge the point charge at Fea3, Cu B, and the 
oxygenic ligand of Cu B, assuming a dielectric constant of 4 in the 
intervening medium. 

transient events in the shuttle cycle. Thus, the inter- 
play of equilibrium and dynamic properties in the 
mechanism of proton wires deserves further charac- 
terization. For example, it is possible that the relative 
rates of specific proton transfer and conformational 
exchange steps involved in the Grotthus mechanism 
help control the overall directionality of proton 
translocation against a transmembrane proton-motive 
force in proton pumps. 

The present study suggests that the conformational 
isomerization of the Glu 242 side chain is consistent 
with a proton shuttling role in bovine heart cyto- 
chrome c oxidase as was suggested in recent ex- 
perimental [9,10] and theoretical studies [9,13]. More 
generally, this study also illustrates how local struc- 
tural fluctuations of a protein and of bound waters 
may contribute to a detailed molecular mechanism for 
proton translocation. 

Acknowledgements 

This work was supported in part by the US 
Department of Energy through the Los Alamos 
National Laboratory LDRD-CD grants for 
Bioremediation and Integrated Structural Biology 
Resource, and by the Academy of Finland. 

References 

[1] N. Agmon, Chem. Phys. Lett. 244 (1995) 456-462. 
[2] J.F. Nagle, S. Tristam-Nagle, J. Membr. Biol. 74 (1983) 

1-14. 
[3] M. Akeson, D.W. Deamer, Biophys. J. 60 (1991) 101-109. 
[4] R. PomPs, B. Roux, Biophys. J. 71 (1996) 19-39. 
[5] D.E. Sagnella, K. Laasonen, M.L. Klein, Biophys. J. 71 

(1996) 1172-1178. 
[6] Y. Cao, G. Vfir6, M. Chang, B. Ni, R. Needleman, J.K. 

Lanyi, Biochemistry 30 (1991) 10972-10979. 
[7] L. Baciou, H. Michel, Biochemistry 34 (1995) 7967-7972. 
[8] S.E. Martinez, D. Huang, M. Ponomarev, W.A. Cramer, J.L. 

Smith, Protein Sci. 5 (1996) 1081-1092. 
[9] S. Riistama, G. Hummer, A. Puustinen, R.B. Dyer, W.H. 

Woodruff, M. Wikstrrm, FEBS Lett. 414 (1997) 275-280. 
[10] A.A. Konstantinov, S. Siletsky, D. Mitchell, A. Kaulen, 

R.B. Gennis, Proc. Natl. Acad. Sci. USA 94 (1997) 9085- 
9090. 

[11] S. Iwata, C. Ostermeier, B. Ludwig, H. Michel, Nature 376 
(1995) 660-669. 



260 R. Pombs et al. / Biochimica et Biophysica Acta 1365 (1998) 2 5 5 - 2 6 0  

[12] T. Tsukihara, H. Aoyama, E. Yamashita, T. Tomizaki, H. 
Yamaguchi, K. Shinzawa-Itoh, R. Nakashima, R. Yaono, S. 
Yoshikawa, Science 272 (1996) 1136-1144. 

[13] I. Hofacker, K. Schulten, Proteins Struct. Funct. Genet. 30 
(1998) 100-106. 

[14] G. Hummer, A.E. Garcfa, D.M. Soumpasis, Faraday Disc. 
103 (1996) 175-189. 

[15] B.R. Brooks, R.E. Bruccoleri, B.D. Olafson, D.J. States, S. 
Swaminathan, M. Karplus, J. Comput. Chem. 4 (1983) 
187-217. 

[16] A.D. Mackerell Jr., D. Bashford, M. Bellot, R.L. Dunbrack, 
M.J. Field, S. Fischer, J. Gao, H. Guo, D. Joseph, S. Ha, L. 
Kuchnir, K. Kuczera, F.T.K. Lau, C. Mattos, S. Michnick, 
D.T. Nguyen, T. Ngo, B. Prodhom, B. Roux, B. Schlen- 
krich, J.C. Smith, R. Stote, J. Straub, J. Wiorkiewicz- 
Kuczera, M. Karplus, Biophys. J. 61 (1992) A143. 

[17] W.L. Jorgensen, J. Chandrasekhar, J.D. Madura, R.W. 
Impey, M.L. Klein, J. Chem. Phys. 79 (1983) 926-935. 

[18] S. Kumar, D. Bouzida, R.H. Swendsen, P.A. Kollman, J.M. 
Rosenberg, J. Comput. Chem. 13 (1992) 1011-1021. 

[19] B. Roux, Comp. Phys. Commun. 91 (1995) 275-282. 
[20] A. Kannt, C.R.D. Lancaster, H. Michel, Biophys. J. 74 

(1998) 708-721. 


