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ABSTRACT. Structural analyses of membrane proteins reveal a large numbgrdi<<O contacts between
transmembrane helices, presumed to be hydrogen bonds. Recent experiments produced conflicting results
for the contribution of such hydrogen bonds to membrane protein stability. An FTIR study estimated an
energy of —0.88 kcal/mol for the G79-£-H---176-O hydrogen bond in glycophorin A, whereas a
mutagenesis study showed that the A5HEi---T24-O, hydrogen bond does not stabilize bacteriorho-
dopsin. Here, we reconcile these results using molecular mechanics calculations and an implicit membrane
model (IMM1). With explicit hydrogen atoms, the potential energy of the G{94&-+176-0 interaction

in GpA ranges from—0.54 to —0.9 kcal/mol and its contribution to stability (effective energy) from
—0.49 t0—0.83 kcal/mol, depending on the structural model used. The average values of these quantities
in GpA-like motifs are similar. In bR, the corresponding numbers for the ASH& - T24-0, interaction
are+0.15 and+0.32 kcal/mol. The difference results from the different arrangement of the interacting
groups and specifically the position of the acceptor with respect to ¢ren@ N atoms. This conclusion

likely applies to soluble proteins as well.

Membrane proteins account for about 30% of all proteins H---O hydrogen bond energy of 2:3.0 kcal/mol (2—14),
but less than 0.5% of known structures. Hence, theoreticalalmost half the strength of a conventional hydrogen bond.

methods for predicting membrane protein structur'e from  The simplest membrane protein where interhelicah-C
sequence could be of great value. Understanding andy...o hydrogen bonds are evident is the transmembrane helix
quantifying the fO(ces that determine membrane protein gimer of glycophorin A (GpA). Its NMR structure in
structure is essential in such efforts. detergent and lipid bilayers shows that a GXXXG motif

The folding ofa-helical membrane proteins is envisioned forms the binding interfacelf, 16. The close apposition
to occur in two stages: in the first stagehelices are formed  of the helices, enabled by the small side chain of the Gly
and inserted into the membrane, driven by the hydrophobic residues, allows the formation of €H--+-O hydrogen bonds.
effect. In the second stage the helices associate with eacHGXXXG motifs have also been found in polytopic membrane
other to form the final folded structurd (2). The driving proteins, such as glycerol facilitatot {), calcium ATPase
forces for the second stage are most likely van der Waals (18) and photosystem [LQ). More than 50% of the GXXXG-
packing and polar interactions, such as hydrogen bonds, thecontaininga-helices have been found to participate in helix-
latter being especially strong in the low polarity of the helix interactions, suggesting that the GXXXG motif is a
membrane interior. However, strongly polar residues are determinant of helix association in membran2g)( C,—
relatively infrequent in TM helices and may, in fact, lead H---O contacts are also observed outside GXXXG motifs.
to nonspecific (“promiscuous”) associatidd+5). A weaker For example, six ¢—H---O contacts in bacteriorhodopsin
interaction proposed to be more “gentle” and specific is (bR) exhibit H:-O distance<2.7 A (6).

C—H---O hydrogen bondsj. Surveys of high-resolution Recent experiments gave conflicting results for the con-
protein structures reveal widespread occurrence of closetripution of these hydrogen bonds to membrane protein
C—H---O contacts §—11), the majority of which involve  stapility. Arbely and Arkin 21) used an empirical correlation
hydrogens bonded ta-carbons. Quantum mechanical cal- petween vibrational frequency shifts and interaction energy
culations on model systems in the gas phase gave-a& C and estimated an energy ef0.88 kcal/mol for the G79-
Cy—H-+-176-0O hydrogen bond in GpA. Yohannan et &2)
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using a molecular mechanics energy function that takes into  For GpA, we used two initial structures: one was obtained
account the membrane environment implicitly (IMM1). The by solution NMR in detergents (pdb code: 1AFQJpY; and
“strength” of these bonds is quantified as the interaction the other by solid-state NMR in lipid bilayerd &, 27.
energy between the neutral groups containing the hydrogenSolution NMR produced 20 models in most of which the
bond donor and acceptor. In addition to GpA and bR, we distance between G79;@nd 176-0 is greater than the ideal
performed calculations on other membrane proteins contain-C,+++O hydrogen bonding distance 8.8 A) (8). Hence, we
ing GpA-like motifs (glycerol facilitator and calcium ATP-  focused mainly on the 19th model, where alt GO contacts

ase). that are thought to make hydrogen bonds ar8.8 A.
However, we also obtained the average-€ hydrogen
METHODS bonding energy over all 20 structures. Amino acid residues
The implicit membrane model IMM1 implemented in the 73~ 95 were included in the calculations. The initial struc-
program CHARMM was used to model the lipid bilay&8), tures were oriented with their principal axis perpendicular

It is an extension of the effective energy function EEF1, to the membrane surface and the energe@ics of these structures
which has been successfully used to model proteins in N the IMM1 membrane model was obtained after 300 steps
solution @4, 259. The solvation free energy of a protein in ©f 2dopted basis Newton Raphson (ABNR) energy minimi-
EEF1 is treated as the sum of group contributions. The Zation. The X-ray structure of bR (pdb code: 1PY6) was
solvation free energy of a group is equal to a reference value, 292N orlented_ with its prmmpal axis perpendicular to _the
obtained from experimental data for small model compounds membrane. This makes all h_ellces more or less perpen_d|cular
in water, minus the amount of solvation lost due to exclusion {0 the membrane. The protein was translated along-thés

of solvent by other protein atoms. In IMM1, the same idea such that a maximum of h_ydrophoblc residues reside in the
is used for proteins inside a model membrane, which lies hydrophobic membrane interior. Then the system was
parallel to the xy plane with its centerat= 0. The solvation ~ Minimized for 300 steps by the ABNR method. The same
free energy parameters in the nonpolar core of the membrang’rotocol was used for glycerol facilitator (11x8.pdb) and
were derived from experimental data for small model calcium ATPase (leul.pdb).

compounds in cyclohexane. The solvation parameters of all A reasonable definition for the energy of a hydrogen bond

atoms are dependent on the vertical coordinate; z = is the interaction energy between the neutral groups that
|2)/(T/2), whereT is the thickness of the nonpolar core of contain the H donor and the accept@8). In the case of
the membrane the CHARMM force field, such neutral groups are NHC

and CO for the backbone andO,H, for the Thr side
AG(Z) = (Z) AG"™ + (1 — f(Z))AGYe"exane (1) chain. In the EEF1 and IMM1 energy functions, the solvation
free energy is pairwise decomposable. The interaction energy
andAG; represents the solvation free energy of atom i. The reported by CHARMM includes the desolvation cost result-
transition from the membrane interior to water is ac- ing from this interaction; i.e., it is an effective interaction

complished by the functiof(z) making a thermodynamic contribution to stability in a solvent
environment. We also report the potential energy of these
f(2) = z" @) interactions, i.e., the van der Waals and electrostatic com-
1+ 2" ponents only.

wheren controls the steepness of the transition=10). In RESULTS

addition, in IMM1 a modified dielectric screening function

is used to account for the strengthening of electrostatic It has been proposed that the-€H---O hydrogen bonds
interaction in the membrane that is compatible with the Petween residues Gly79:lle76, Val80:Gly79, Gly83:valgo,
distance dependent dielectric used in EEF1. This function @d Vald4:Thr87 stabilize the GpA dimeg)( The G,---O

has the following form distances in the energy-minimized structures (Table 1) are
shorter than 3.8 A, except for the G79-€0.179 interaction.
ezr(aﬂlfa)\/fi_fj) 3) Thus, these £-H-:--O hydrogen bonds are structurally

possible. The effective interactions between the Ni&d

wheref; andf; are obtained from eq 2; a value of 0.85 for CO groups range from-0.08 to—0.42 kcal/mol, except for
“a” was found to give reasonable results for various systems V84-Cu*+-T87-Q, which gives a positive effective interaction
Studied ear”erzs)_ The hydrophobic thickness Of a mem- energy in the Solid'state structure. Th|S iS SO because in thIS
brane depends on the lipid and usually ranges between 2cstructure the Thr hydroxyl makes a hydrogen bond with the
and 30 A. In this study, a thickness of 26 A was used, as in backbone CO of V84 and thus points its hydrogen toward
previous work. the G—H of V84, leading to an unfavorable electrostatic

The IMM1 mode| is based on the Charmm 19 force fleld interaction W|th the le’oup Of V84. In the SO|Uti0n structure
which treats the nonpolar hydrogen atoms implicitly. For Thr87 makes a hydrogen bond with the CO of Gly83 in the
example, a §—H group is treated as a united atom. To Same helix.
estimate the energy of ©£H---O contacts, explicit repre- The interactions in Table 1 may be underestimated due to
sentation of the hydrogen atom may be important. Thus alack of explicit representation of Hatoms in IMM1. Table
model called IMM1-P22, based on the all-atom charmm 22 2 shows the interhelical distances and interaction energies
force field 26), is also used in our calculations. Both energy using a membrane model with explicit,thitoms (IMM1-
functions treat hydrogen bonds as a purely electrostatic P22). Here again, with one exception (G79<a76-0), all
interaction. distances are shorter than 3.8 A. Thg &d O group



C,—H---O Hydrogen Bonds in Membrane Proteins Biochemistry, Vol. 44, No. 5, 2005609

Table 1: Interhelical Distances between &hd O or Q Atoms in the Energy-Minimized GpA Structures and the Interaction Energy between
the NHG, and CO or GO,H, Groups in IMME

solution NMR structure (model 19) solid-state NMR structure
donor:acceptor Re,-0 total energy (vdw, ele, solv) Re,-0 total energy (vdw, ele, solv)
G79-C.:176-0O 4.00 —0.34 (-0.27,—0.14,+0.07) 4.03 —0.34 (-0.26,—0.14,+0.05)
3.72 —0.40 (-0.30,—0.18,+0.09) 4.03 —0.33 (-0.26,—0.14,+0.07)
V80-C,:G79-0 3.33 —0.13 (+0.20,—0.10,+0.17) 3.37 —0.15 (-0.20,—0.11,+0.16)
3.36 —0.08 (-0.13,—0.11,+0.17) 3.36 —0.14 (-0.18,—0.12,+0.16)
G83-G,:vV80-0 3.51 —0.41 (-0.33,—0.18,+0.10) 3.68 —0.42 (-0.34,—-0.17,+0.10)
3.48 —0.41 (-0.34,—0.17,+0.09) 3.69 —0.41 (-0.34,—0.17,+0.09)
V84-C,:T87-0, 3.52 —0.20 (-0.17,—0.14,+0.11) 3.46 +0.25 (+0.05,+0.08,+0.12)
3.62 —0.25 (-0.21,-0.14,+0.11) 3.36 +0.33 (+0.14,+0.06,+0.13)
av effective energy —0.28+0.13 —0.30£0.12
av potential energy —0.39+0.10 —0.40+ 0.10

a All energies are in kcal/mol and distances are in A. The values in parentheses are van der Waals, electrostatic, and desolvation contributions,
in this order. Two values are given in each category, one for each helix. 7geoGp includes amide N, amide H, and thearbon. The O group
includes the carbonyl carbon and oxygen atoms. Thgr@up includes ther oxygen, they hydrogen, and thg carbon.? The V84-G---T87-0,
contact is omitted from this average.

Table 2: Interhelical Distances between &d O or Q Atoms in the Energy-Minimized GpA Structures and the Interaction Energy between
the NHG, and CO or GHgO,H, Groups in IMM1-P22

solution NMR structure (model 19) solid-state NMR structure
donor:acceptor Re,-0 total energy (vdw, ele, solv) Rc,0 total energy (vdw, ele, solv)
G79-C,:176-0O 3.70 —0.90 (-0.35,—0.64,+0.09) 4.10 —0.64 (-0.26,—0.44,+0.06)
3.92 —0.75 (-0.31,—0.51,+0.07) 4.08 —0.65 (-0.27,—0.45,+0.07)
V80-C,. G79-0 3.35 —0.85(-0.11,—0.92,+0.18) 3.39 —0.88 (-0.17,—0.88,+0.17)
3.37 —0.79 (-0.08,—0.89,+0.18) 3.39 —0.88 (-0.16,—0.89,+0.17)
G83-G,: V80-O 3.66 —0.92 (-0.39,—0.63,+0.10) 3.74 —0.90 (-0.37,—0.62,+0.09)
3.71 —0.92 (-0.38,—0.65,+0.10) 3.76 —0.88 (-0.37,—0.60,+0.09)
V84-C,:T87-0, 3.56 —0.61 (-0.04,—0.77,+0.11) 3.46 +0.58 (+0.13,+0.34,+0.12)
3.66 —0.68 (-0.11,—0.67,+0.10) 3.42 +0.63 (+0.25,+0.25,+0.13)
av effective energy —0.80+0.12 —0.81+0.12
av potential energy —0.92+0.12 —0.914+0.18

a Al energies are in kcal/mol and distances are in A. The values in parentheses are van der Waals, electrostatic and desolvation contributions,
in this order. Two values are given in each category, one for each helix. JgeoGp includes amide N, amide lil,carbon, andx hydrogen. The
O group includes the carbonyl carbon and oxygen atoms. Thgr@p includes thes oxygen,y hydrogen, carbon, and3 hydrogen® The
V84-C,---T87-0, contact is omitted from this average.

Table 3: Interhelical Distances betweep &d O or Q Atoms in the Energy-Minimized GpA Structures, and the Interaction Energy between
the NHG, and CO or GO,H, or CGsHgO,H, Groups in All Solution NMR Modefs

all 20 solution NMR structures (IMM1 model) all 20 solution NMR structures (IMM1-P22 model)
donor:acceptor Re,-0 total energy (vdw, ele, solv) Rc,-0 total energy (vdw, ele, solv)
G79-G:176-O 4.41+ 0.26 —0.26 (-0.19,—0.12,+0.05)+ 0.06 4.51+ 0.34 —0.49 (-0.18,—0.35,+0.05)+ 0.18
4.42+0.29 —0.25 (-0.19,—0.11,+0.05)+ 0.05 4.49+ 0.30 —0.48 (-0.19,—0.35,+0.05)+ 0.14
V80-C,:G79-0 3.44+ 0.09 —0.23 (-0.25,—0.12,+0.15)+ 0.05 3.50+ 0.15 —0.93 (-0.22,—0.86,+0.15)+ 0.10
3.46+0.08 —0.21 (-0.21,-0.15,+0.15)+ 0.07 3.50+ 0.14 —0.93 (-0.20,—0.88,+0.15)+ 0.10
G83-G.:V80-O 3.75+ 0.15 —0.41 (-0.33,—0.17,+0.09)+ 0.03 3.79+0.19 —0.92 (-0.35,—0.66,+0.09)+ 0.13
3.75+0.15 —0.40 (-0.33,—0.17,+0.09)+ 0.03 3.78+0.21 —0.92 (-0.34,—0.66,+0.09)+ 0.14
V84-C,:T87-0, 3.58+0.10 —0.21 (-0.17,—0.15,+0.11)+ 0.03 3.56+ 0.05 —0.57 (-0.03,—0.72,+0.11)+ 0.05
3.55+0.09 —0.22 (-0.18,—0.15,+0.11)+ 0.05 3.58+ 0.06 —0.58 (+-0.00,—0.69,+0.11)+ 0.07
av effective energy —0.27+£0.13 —0.73+£0.12
av potential energy —0.38+0.10 —0.83+0.10

a All energies are in kcal/mol and distances are in A. The values in parentheses are van der Waals, electrostatic, and desolvation contributions,
in this order. Two values are given in each category, one for each helix. The atoms that are included,inCthar@ Q groups are the same as
in Table 1 and Table 2 for IMM1 and IMM1-P22, respectively.

interaction energies are significantly stronger in the IMM1- models. The average (G79&0O(176) distance in all 20
P22 model. The effective energies range frer.61 to models is~4.5 A. Table 3 shows the averagg €O distance
—0.92 kcal/mol, with an average 6f0.80 kcal/mol. and the average energy of each hydrogen bonding pair in
Solution NMR has produced 20 models for GpA in the 20 NMR models. As expected, the average G¢9-C
detergent consistent with the NOE constraints. Model 19 176-O energy over all models is smaller in magnitude for
exhibits the shortest distance for the G72-@76-O hy- both IMM1 and IMM1-p22 functions. However, it is still
drogen bond and is likely better than the others. However, substantial. The average effective energy of al+-&---O
to avoid any bias, we repeated the calculations on all 20 hydrogen bonds in the IMM1 model is0.27 kcal/mol,
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Table 4: Interaction Energy between thg &d O Groups in the Energy-Minimized GpA-Lkotif Structures

donor:acceptor

IMM1 model
total (vdw, ele, solv)

IMM1-P22 model
total (vdw, ele, solv)

vacuum
total (vdw, ele)

F15-G,:S92-0
G19-G:G96-0
Q93-G;E14-0
Q93-G, T18-0,
G96-G,:F15-0

P240-G:T156-0,
G243-G:M153-0
A244-C,:T156-0O
A157-G,:G243-0
G247-G:A157-0
G161-G:G247-O

R762-C.:Y837-0,
S766-G:Y837-0O

G770-G:G841-O
C774-C:G845-0
G841-G:S766-0O
G845-C:.G770-0O

av effective energy
av potential energy

Glycerol Facilitator (1fx8.pdb): Helix +Helix 4

—0.22 (-0.27,-0.07,+0.12)
—0.39 (-0.45,-0.12,+0.18)
—0.19 (-0.18,—0.06,+0.05)
—0.15 (-0.14,—0.13,+0.12)
—0.39 (-0.29,—0.20,+0.10)

—0.92 (-0.30,—0.73,+0.12)
—1.00 (-0.52,—0.70,+0.21)
—0.42 (-0.20,—0.27,+0.06)
—0.34 (-0.10,—0.37,+0.14)
—0.98 (-0.33,-0.77,+0.11)

Glycerol Facilitator (1fx8.pdb): Helix 5Helix 8

—0.05 (-0.09,~0.14,+0.18)
—0.23 (-0.13,—0.22,+0.12)
—0.19 (-0.17,—0.08,+0.06)
+0.05 (-0.01,—0.11,40.16)
—0.30 (-0.24,—0.17,+0.12)
—0.39 (-0.44,—0.04,+0.09)

—0.03 (-0.10,—0.11,+0.18)
—0.84 (-0.08,—0.90,+0.14)
—0.28 (-0.19,—0.16,+0.07)
—0.73 (-0.03,—0.88,+0.18)
—0.84 (-0.38,—0.58,+0.12)
—0.69 (-0.44,—0.35,+0.10)

Calcium ATPase (leul.pdb): Helix-3Helix 7

—0.29 (-0.36,—0.05,+0.12)
—0.22 (-0.20,—0.08,+0.06)
—0.31 (-0.30,—0.14,+0.13)
—0.18 (-0.23,—0.08,+0.12)
—0.30 (-0.31,—0.12,+0.12)
—0.37 (-0.40,—0.08,+0.11)

—0.24+£0.12
—0.36+0.12

0.05 (-0.39,+0.33,+0.11)
—0.53 (-0.23,—-0.37,+0.07)
—0.92 (-0.41,—0.65,+0.13)
—0.35 (-0.24,—0.24,40.13)
—0.81 (-0.30,—0.65,+0.14)
—0.93 (-0.46,—0.59,+0.12)

—0.62+ 0.34
—0.75+£0.34

~1.36 (-0.25,-1.11)
~1.69 (-0.47,-1.22)
—0.99 (-0.28,-0.71)
—0.75 (-0.05,—0.69)
—1.18 (-0.24,—0.94)

—0.23 (+0.11,—0.34)
—0.87 (4+0.20,—1.07)
—0.73 (-0.21,-0.52)
—1.11 ¢-0.22,-1.33)
~1.12 (-0.30,—0.82)
—1.27 (-0.51,—0.76)

—0.58 (-0.38,—0.20)
—0.97 (-0.25,-0.72)
—0.78 (-0.43,—0.35)
—0.87 (-0.27,—0.60)
—0.64 (-0.40,—0.23)
~1.57 (-0.41,—1.16)

—0.98+ 0.37

a All energies are in kcal/mol. The values in parentheses are van der Waals, electrostatic, and desolvation contributions, respectively. The atoms
that are included in the £ O, and Q groups are the same as in Table 1 and Table 2 for IMM1 and IMM1-P22, respectively. The atoms that are
included in the @ group are the; oxygen,, hydrogen and; carbon.® A right-handed interhelical contact where at least one of the interacting
helices has a GXXXG or SXXXG motif at the contact point (6).

which is identical to the average effective energy for model IMM1-P22 is—0.75 kcal/mol. The average potential energy
19 (Table 1). In the IMM1-P22 model, except for G79-C in vacuum is—0.98 kcal/mol. It is worth noting that &
I76-0, all interaction energies are very close to that of model H---O hydrogen bonds with Glycine as donor tend to have
19. larger energy than the rest. The average interaction energy
The experimental value-0.88 kcal/mol obtained by  ©f Ca—H---O hydrogen bonds in Table 4 that have hydrogen
Arbely and Arkin 1), as well as the quantum mechanical donors from glycine is-0.88 kcal/mol, but the same for
calculations {2, 13, correspond to a potential energy, rather Nydrogen donors from other residues-8.39 kcal/mol. Pre-
than an effective energy. Thus, the desolvation contribution Sumably glycine, because of its small size, can allow better
should not be included when comparing to this experiment. 8ccess of electronegative atoms to one of its tWatdms.
With IMM1-P22 the potential energies range fron0.72 Interaction energies for putative ,EH---O hydrogen
to —1.03, with an average 0f0.91 kcal/mol for all pairs bonds in bR were also calculated (Table 5). These interac-
listed in Table 2, excluding the V8456-T87-Q, interaction tions can be positive or negative. With all three energy
in the solid-state structure. For Gly79-€H---0.1le76, the functions, the effective interaction energy for A5%-CT24-
hydrogen bond examined by Arbely and Arkigl, the O, (the hydrogen bond eliminated in the mutagenesis
potential energy is-0.71 kcal/mol in the solid-state structure, experiment of Bowie and co-worker3)), is positive,
—0.90 kcal/mol in model 19, ane-0.54 kcal/mol average  mainly due to large, positive electrostatic energy. The same
in all models of the solution NMR structure. These values is true for the D212-¢:--Y185-Q, interaction. In some cases
are in good agreement with the FTIR experiment. the interaction energy is favorable due to van der Waals
The interaction energies betweep &hd Q, or O, groups energy contribution, unlike GpA where most of the favorable
in other GpA-like motifs were calculated with IMM1 and INteraction energy arises from electrostatics in IMM1-P22.
IMM1-P22 and also in vacuum (Table 4). We considered The average effective interaction energy of the six contacts
the interactions between helices 1 and 4, helices 5 and 8iS Positive in IMM1 and slightly negative in IMM1-P22.
from the X-ray structure of glycerol facilitator, and helices These calculations show that somg-Ci---O interactions
5 and 7 from the X-ray structure of calcium ATPase. In all can be stabilizing and others destabilizing.
cases, the effective interaction energies are negative with To investigate the origin of the difference in,€H---O
favorable electrostatic contributions, except for A154-€ hydrogen bond energy between GpA and bR, Figure 1 shows
G243-0 in IMM1 and R762-¢+-Y837-0, in IMM1-P22. the configuration of hydrogen bonding residues G83 and V80
The effective interaction energies range fret.05 to—0.39 in the solid-state structure of GpA; and T24 and A51 in the
kcal/mol for IMM1, +0.05 to —1.00 kcal/mol for IMM1- crystal structure of bR. One can see that the Nigup is
P22 and—0.23 to—1.69 kcal/mol in vacuum. The average oriented differently with respect to the O in the two proteins.
effective interaction energy of all hydrogen bonds in Table In GpA the O is closer to the £(3.63 A) than to the
4 is —0.62 kcal/mol for IMM1-P22. The average potential neighboring backbone N (4.42 A), but in bR, the@® Thr24
energy (excluding desolvation) of all the hydrogen bonds in is closer to the N (3.26 A) than to the,G3.48 A). In
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Table 5: Distances and Interaction Energies betwegar@ O or O, Atoms in the Energy-Minimized bR Structdre

IMMI model IMMI-P22 model vacuum
donor:acceptor  Rc,..o0 total (vdw, ele, solv) Rc,-0 total (vdw, ele, solv) Rc,-0 total (vdw, ele, solv)
A51-C,:T24-0, 3,56 +0.15(0.41,+0.38,+0.17) 3.53 +0.32(-0.23,+0.38,+0.17) 3.60 +0.11 (~0.30,+0.41,+0.0)

W86-C,:T89-0, 3.19 +0.51 #0.25,+0.09,+0.17) 3.46 —-0.11¢0.17,-0.43,+0.14) 3.38 —1.22(+0.30,—1.53,40.0)
M118-G,:S141-Q  3.98 —0.17 (-0.26,—0.00,+0.09) 3.88 —0.19(-0.27,-0.01,+0.10) 3.85 —0.55(0.28,-0.27,+0.0)
E166-C.:S169-0O 3.38 +0.58 (-0.13,+0.24,+0.47) 3.59 —-0.37(0.23,-0.58,+0.44) 356 —1.80(-0.26,—1.54,1+0.0)
M209-G,:Y57-0, 3.78 —0.24(-0.39,4+0.02,+0.13) 3.62 —0.27 (-0.35,—0.04,+0.13) 3.49 —0.52(-0.28,—0.24,1+0.0)
D212-G:Y185-O, 3.42 +0.05(0.36,+0.25,+0.16) 3.51 0.3940.25,+0.50,+0.15)  3.29 +1.52 (+0.32,+1.20,+0.0)

av effective energy +0.15+ 0.34 —0.04+0.32
av potential energy —0.05+ 0.26 —0.23+0.38 —0.41+0.89

a All energies are in kcal/mol and distances are in A. These calculations are based on 1PY6.pdb. Hydrogens were built with HBUILD and the
energy was minimized for 300 ABNR steps using IMM1, IMM1-P22 or vacuum. The values in parentheses are van der Waals, electrostatic, and
desolvation contributions, in this order. The atoms included in theQZ, and G are the same as in Table 4.

Glycophorin A Bacteriorhodopsin

Ficure 1: C,—H:--O hydrogen bonds and distances betwegn-O or O, and N---O or Q, in the solution NMR structure of Glycophorin
A(F78—-185) and the crystal structure of Bacteriorhodopsin (M20-L28 and T47-T55). Val80 and Gly83 in GpA and Thr24, Ala51 and
Met20 in bR, are shown in sticks. Nitrogen, carbon, oxygen and hydrogen atoms are shown in blue, green, red and gray, respectively.

addition, the G—H---O, angle deviates significantly from  O,H, of threonine, ¢—O,H, of serine, and €-O,H, of
linearity. This nonideal T24-A51 interaction is dictated by tyrosine to—CO, preserving the geometry around the C atom.
the constraints of protein structure. Since the partial chargeTable 6 shows the effective interaction energy between the
on N is negative, the repulsion between N and O dominatesC, donor group and-OH or —CO acceptor groups in bR
over the attraction between O and @© the bR T24-A51 after 300 steps of ABNR minimization in the IMM1-P22
interaction. This observation extends to the other hydrogen model. Upon substitution of OH by CO, the energy increases
bonding pairs studied above. Average distances between ther decreases depending on the position of the H with respect
O:-:N and O--C, atoms for all the hydrogen bonding pairs to the G, and N. If the H is closer to & its elimination
in the GpA structures (Table 1) are4.3 and~3.5 A, makes the interaction more negative or less positive. The
respectively. For the M118+-S141-Q and M209-G--* opposite is true if H is closer to N. In conclusion, thg-C
0,-Y57 pairs of bR, whose interaction energy is negative, H---O interaction is mainly determined by the position of
the Q or O, is closer to the ¢than to N. For the D212-  the acceptor O atom but is also modulated by the position
Co+Y185-Q, pair, whose interaction energy is positive, the of the H atom in the case of OH.
opposite is true. In general, positive effective energy  To examine whether the calculateg-€O hydrogen bond
hydrogen bonding pairs have the-N distance shorter than  energy depends strongly on its position in the membrane we
the O--C,, whereas negative effective energy hydrogen estimated the energy of ,&-O hydrogen bonds while
bonding pairs have the opposite. moving the protein along theaxis in both directions. Figure

In GpA most of the hydrogen bond acceptors are carbonyl 2 shows the energy of the four,G-O hydrogen bonds in
oxygen atoms, whereas in bR all the h-bond acceptors areGpA as a function of the coordinate of the center of mass
hydroxyl oxygen atoms. Thus, the difference in strength of the hydrogen bond donor and acceptor group atoms.
between the GpA and bR hydrogen bonds may, to someArrows in the figure indicate the original position of these
extent, be due to the different chemical properties of CO bonds in the membrane. One can notice that inside the
and OH. To clarify this issue we “mutated” theCsHz— membrane, especially withie=10 A from the center, the
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Table 6: Interaction Energy between the Hydrogen Bond Dongoar@ the Hydrogen Bond AccepterOH or —CCP Groups in bR Using the
IMM1-P22 Modef

—COP acceptor
total (vdw, ele, solv)

+0.47 (-0.32,40.61,+0.18)
—0.32 (+0.12,—0.61,+0.16)
—0.35 (-0.20,—0.24,+0.09)
—0.43 (-0.08,—0.76,+0.42)

—OH acceptor
total (vdw, ele, solv)

+0.32 (-0.23,40.38,40.17)
—0.11 (+0.17,—0.43,+0.14)
—0.19 (-0.27,-0.01,+0.10)
—0.37 (-0.23,—0.58,+0.44)
M209-C,:Y57-O,H,/COP —0.27 (-0.35,-0.04,+0.13) —0.19 (-0.32,40.00,+0.12)
D212-G,:Y185-O,H,/COP +0.39 (-0.25,40.50,+0.15) +0.05 (-0.34,40.24,+0.16)

a All energies are in kcal/mol. The values in parentheses are van der Waals, electrostatic, and desolvation contributions, in this order. The atoms
included in the G, O, O, and Q are the same as in Table MCO from the mutant structures, where the GH was replaced by €0.

donor:acceptor

A51-C,:T24-QH,/COP
W86-C,: T89-O H,/CCP
M118-C,:S141-QH,/CCP
E166-G,:S169-QH,/CO®

s ——oeoreo CONCLUSIONS
-02 T omeATe Interaction energy calculations between the neutral groups

—o—V80.CA:G79.0

E

§-o.3 e that contain the hydrogen donor and acceptor were used in
504 1 this work to estimate the strength of,€H---O hydrogen
§-05 ! bonds. The united-atom membrane model (IMM1) gave an
5 08| | Maneccsodooneaseos average effective energy ef—0.29 kcal/mol for a G—H-

g-07 --O hydrogen bond in GpA (Table 1). The explicit hydrogen
fgg R, coooapasaaocos membrane model IMM1-P22, which is more realistic, gave
z an average effective energy of0.77 kcal/mol and an

average potential energy of0.87 kcal/mol (Tables 2 and
3). In general, g—H---O hydrogen bonds in GpA-like motifs
were found to stabilize the protein with an average effective
energy of—0.62 kcal/mol and an average potential energy
of —0.75 kcal/mol. These values are similar to a recent
experimental estimate of0.88 kcal/mol for a similar
interaction in GpA 21). The sum of all the effective energies
of Cy—H---O hydrogen bonds in all 20 solution NMR
hydrogen bond energy remains the same. As the position ofstructures with IMM1-P22 is-5.82 kcal/mol. Thus, the six
hydrogen bond approaches the boundary of the membraneweak G,—H-:-O hydrogen bonds in GpA make a substantial
its strength decreases until it reaches another constant valueontribution to the stability of the dimer, although not the
corresponding to pure implicit water. Therefore, our esti- largest one (the average total effective interaction energy
mated hydrogen bond energy is not sensitive to small between the two helices over the 20 models 24.93 kcal/
displacements along theaxis. mol; —34.49 kcal/mol van der Waals;-1.39 kcal/mol

To test the dynamic stability of these hydrogen bonds in electrostatic, ane-10.94 kcal/mol desolvation).
GpA and bR we performed 1 ns Nose-Hoover molecular  Both the FTIR experiment and our calculations give values
dynamics simulations using the IMM1-P22 model. We used much lower than the ab initio estimates for the energy of
the X-ray structure for bR and the solid-state NMR structure C,—H-+++O bonds (2.5-3.0 kcal/mol). One of the reasons
for GpA. To include the effect of polar residues outside the could be that the quantum mechanical calculations are done
membrane, we considered a 29-residue fragment of GpA.in the gas phase. However, we found a maximum energy of
The final structures after 1 ns simulation were again energy 1.8 kcal/mol for this bond in vacuum. The lack of explicit
minimized for 300 steps by the ABNR method. In the case polarization in our molecular mechanics energy functions
of GpA, except for V84-¢:+-T87-O,, the interaction energies  could lead to some underestimation of the interaction energy.
of all the G—H---O contacts after 1ns dynamics and Second, the protein environment is completely absent in the
minimization were found to remain close to that of the initial quantum calculations, and its effect on the stability gfC
energy minimized structure (averages over the two helicesH:-+O bond is completely neglected. The small model
are—0.60 vs—0.65,—0.87 vs—0.88,—0.70 vs—0.89 and compounds used in the quantum mechanical calculations do
—0.54 vs+0.61 kcal/mol for G79-176-0O, V80-G.G79- not experience the constraints that similar groups have in
0, G83-G.:V80-0, and V84-G:T87-0, interactions, respec-  the context of a large helical fragment and have more

-30 -25-20 -15-10 -5 0 5 10 15 20 25 30
Z position of the center of mass coordinate between the hydrogen bond
donor and acceptor group atoms, A

Ficure 2: C,—H---O hydrogen bond energy as a function of the
position of the hydrogen bond along tkexis of the membrane.
Arrows indicate the original position of the hydrogen bonds in the
membrane along theaxis.

tively). During the dynamics, T87 switched from an inter-
helical hydrogen bond with the CO of V84 to an intrahelical
hydrogen bond with the CO of G83. This reversed the sign
of the V84-G,---T87-Q, interaction. In the case of bR, the
interaction energies of £-H---O contacts in A51-T24, W86-
T89, M118-S141, E166-S169, M209-Y57, and D212-Y185
after the simulation are-0.21,—0.78,—0.14,—0.18,—0.49,
and+0.01 kcal/mol, respectively. The W86:CT89-O, and
M209-G,+++Y57-O, contacts remain within hydrogen bond-
ing distance, whereas the,€0 distance for the other
contacts increases.

freedom to rearrange so as to optimize their interaction. For
example, in the quantum mechanical calculatiati, (13,
the CG--O distances in the optimized geometries of the model
molecules used range from 3.29 to 3.33 A. However, in the
EMR structures of GpA, the average <O distance is 3.6
This study showed that in bR the hydrogen bond between
the G,—H of Ala51 and Q of Thr24 does not stabilize the
protein. This is consistent with the experimental observation
by Yohannan et al.22) that replacement of Thr24 by Ala
or Ser stabilizes the protein. The origin of the difference in
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stability of G,—H---O hydrogen bonds in GpA and bR is

the

position of the O atom with respect to thg &d N

atom of its binding partner. In GpA the O is closer tg C
than to N, whereas the opposite is true in bR. Though this
specific hydrogen bond in bR is not stabilizing, otherC

Heee

O hydrogen bonds were found to show some weak

stabilizing capacity. The position of the hydrogen of the
hydroxyl group with respect to L£and N also influences

the

strength of the interaction.
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