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Abstract
Water is an inhospitable environment for protein hydrogen bonds because it is polarizable and
capable of forming competitive hydrogen bonds. In contrast, the apolar core of a biological
membrane seems like an ideal environment for hydrogen bonds, and it has long been assumed that
hydrogen bonding should be a powerful force driving membrane protein folding. Nevertheless,
while backbone hydrogen bonds may be much stronger in membrane proteins, experimental
measurements indicate that side chain hydrogen bond strengths are not strikingly different in
membrane and water soluble proteins. How is this possible? I argue that that model compounds in
apolar solvents do not adequately describe the system because the protein itself is ignored. The
protein chain provides a rich source of competitive hydrogen bonds and a polarizable environment
that can weaken hydrogen bonds. Thus, just like water soluble proteins, evolution can drive the
creation of potent hydrogen bonds in membrane proteins where necessary, but mitigating forces in
their environment must still be overcome.

Many residues in the hydrocarbon-spanning region of membrane proteins are polar [1] and
they are often engaged in hydrogen bonding interactions between transmembrane helices.
Indeed almost all transmembrane helices have at least one interhelical hydrogen bond [2].
There is no doubt that hydrogen bonding interactions can play key roles in structure
stabilization [3-7][8,9]. Polar side chains are likely sites of disease causing mutations [10]
and mutations to polar side chains can lead to inappropriate interactions that cause disease
[11-15]. Nevertheless, quantitative measures of hydrogen bond strengths to date suggest that
the stabilization afforded by side chain hydrogen bonds is usually not much different than is
seen in water soluble proteins. Moreover, the fraction of apparently unsatisfied hydrogen
bond donors and acceptors is similar in both classes of proteins [16]. As discussed here,
many factors can reduce hydrogen bond strength in membrane proteins.

How strong can hydrogen bonds be?
The energy of an amide hydrogen bond in vacuo is arguably the upper limit of its free
energy since the entropic contribution is presumably unfavorable and anything more
polarizable than a vacuum will reduce the contribution of the electrostatic interactions [17].
Quantum mechanical calculations of amide hydrogen bond strengths using a formamide-
formaledehyde model suggest that an amide hydrogen bond has an in vacuo energy of 6.6
kcal/mol[17]. Calculations for an N-methylacetamide dimer also agree that the energy of the
hydrogen bond in a vacuum is about 6.6 kcal/mol [18]. Experimentally determined vapor
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phase enthalpies of hydrogen bonds between neutral species range from 3-6 kcal/mol[19].
Thus, it appears that the upper end for neutral hydrogen bonds is around 6 kcal/mol, but
could be even higher in special cases [20], particularly charge stabilized hydrogen bonds
[19]. Clearly, there is potential for hydrogen bonds to be a powerful stabilizing force.

Hydrogen bond energies will be reduced from the optimal values by a number of factors.
First, hydrogen bond strength is very sensitive to geometry [17,21] and geometry may not be
optimized. Second, solvent polarizability decreases hydrogen bond strength, which is
dominated by electrostatics [17]. Third, the entropy cost for fixing the donors and acceptors
decreases the free energy of the interaction. Finally, the ability of the solvent to participate
in hydrogen bonds can reduce the net energy difference. For example, in water (W) the
making and breaking of a backbone hydrogen bond can be written as follows [22]:

Thus, a simple hydrogen bond inventory approach implies no net change in the number of
hydrogen bonds. If all hydrogen bonds were equal (and they are certainly not), the net
contribution of a hydrogen bond should be zero. While the hydrogen bond inventory concept
is overly simplistic [23], it is clear that for the formation of a protein hydrogen bond to be
energetically favorable, it must be more favorable than solvation of the broken hydrogen
bond by water.

How much more stable can a protein hydrogen bond be compared to water solvation? It
seems that a good place to look is in functional binding sites or enzymes where there may be
strong evolutionary pressure to optimize particular hydrogen bonds. Indeed, Shan &
Herschlag argue that an optimized neutral hydrogen bond in an enzyme active site could be
around 9 kcal/mol more stable than an alternative hydrogen bond to water [24]. A Tyr to Phe
mutation in the active site of ketosteroid isomerase reduces transition state stabilization by
6.3 kcal/mol [25]. Thus, even in water solution, optimized hydrogen bonds can be very
important contributors to intermolecular complexes.

In an apolar solvent like the center of a membrane bilayer that has a low dielectric constant
and no competitive hydrogen bonding potential, hydrogen bond contributions could be even
stronger. As discussed below, however, most hydrogen bonds in both water soluble and
membrane proteins seem to be far from these optimized limits.

How strong are backbone hydrogen bonds?
Early model compound studies argued that backbone hydrogen bonds could not be
stabilizing in aqueous solution. Classic experiments by Klotz and Franzen[26], who studied
the aggregation of N-methylacetamide in polar and apolar solvents, found that association is
unfavorable by 3.1 kcal/mol in water. Their conclusion from this work was that “…in
aqueous solution, interpeptide hydrogen bonds cannot contribute significantly to the
stabilization of macromolecular organization, except perhaps in a few regions with very low
local dielectric…” It is not possible, however, to directly compare an intermolecular reaction
to the intramolecular reaction that occurs in protein folding, where there is potential for
dramatically enhanced effective concentrations[19]. Eberhardt and Raines studied the ability
of different solvents to donate hydrogen bonds to model solutes. Secondary amide solvents,
which mimic the backbone, were much weaker hydrogen bond donors than water even at
concentrations higher than 10 M [27]. Their results imply that backbone hydrogen bonds
cannot be stabilizing.
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In spite of these model compound studies, other experimental work in proteins and peptides
suggests a net favorable contribution of backbone hydrogen bonds. Calorimetric
measurements of the enthalpy helix-coil transitions report a net ethalpic contribution of
0.9-1.0 kcal/mol [28,29]. Elegant “backbone mutagenesis” studies by Kelly and coworkers
found that a hydrogen bond in a β-sheet contributed a favorable 1.3 kcal/mol and one in an
α-helix contributed 1.4 kcal/mol [30,31].

Backbone hydrogen bonds can have variable strength, however. Recent work from the Kelly
lab showed that the polarity of the environment around a backbone hydrogen bond can alter
its free energy by 1.2 kcal/mol [32]. Moreover, backbone hydrogen bond lengths vary
significantly as a function of the environment polarity [33,16].

There is no comparable experimental data for membrane proteins, but presumably the net
free energy of backbone hydrogen bonds must be significantly larger in the apolar core.
White and Wimley argue based on the free energy of partitioning hydrogen bonded and non-
hydrogen bonded amides into apolar solvents that the contribution could be as high as 4-5
kcal/mol [34]. Calculations based on the N-methylacetamide model system also suggest a
free energy of 5 kcal/mol [18]. As discussed below, however, naked hydrogen bonds in
model compounds surrounded by an apolar solvent may not be appropriate and lead to an
overestimate of the hydrogen bond contribution. Nevertheless, the fact that secondary
structure persists in denatured membrane proteins [35-38] suggests that backbone hydrogen
bonds in the membrane are more stable than in water solution where isolated helices are
usually unstable. Moreover, backbone hydrogen bonds in transmembrane helices are shorter
and more regular on average than backbone hydrogen bonds in water soluble protein
helices[33,16] [39]. Frommel and co-workers made the interesting observation that
backbone hydrogen bonds in membrane proteins have a higher level of bifurcation between
the i, i+3 and i, i+4 residues [33]. It is unclear how the environment creates this alteration or
how the bifurcation might influence helix stability.

How strong are side chain hydrogen bonds in water soluble proteins?
Hydrogen bonding contributions in water soluble proteins have been probed extensively
through mutagenesis experiments. Mutation of a hydrogen bonding residue not only deletes
the hydrogen bond, but can also alter the hydrophobicity of the side chain, the
conformational entropy cost of folding, and the packing of the side chain in the protein.
Efforts have been made to carefully account for these effects [40-42]. Pace, however,
provides a rather elegant solution to this problem which is outlined in Fig. 1 [42]. He
examined the effects on the free energy of folding for 52 Tyr to Phe and 40 Thr to Val
mutants. For the Thr to Val mutants, the unfolding free energy was reduced by 1.0 ± 1.0
kcal/mol when the Thr was hydrogen bonded in the folded protein and only 0.0 ± 0.7 kcal/
mol when it was not hydrogen bonded. Similarly, for the Tyr to Phe mutants, stability was
lowered by 1.4 ± 0.9 kcal/mol when the Tyr was hydrogen bonded and only 0.2 ± 0.4 kcal/
mol when it was not. Thus, on average, hydrogen bonds were worth an extra 1.2 ± 1.0 kcal/
mol for the Tyr to Phe mutants and 1.0 ± 1.2 kcal/mol for the Thr to Val mutants. The
beauty of this analysis is that the mutations being compared are identical except that some
are hydrogen bonded and some are not, so the extra correction factors should be the same
(on average). These results argue that hydrogen bonds typically stabilize a water soluble
protein by about 1 ± 1 kcal/mol. The range is large, however, partly due to intrinsic errors in
such complex experiments, but also because some hydrogen bonds are stronger than others
[42].

Another way to assess the strength of a hydrogen bond in the folded protein is to perform
double mutant cycle analysis [43]. A double mutant cycle is illustrated in Fig. 2. The basic
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idea is that single point mutants will not only delete the hydrogen bonding interaction
between two side chains, but will also affect any other interaction the side chain makes in
the folded or unfolded states of the protein. By subtracting the energetic effects of a double
mutant, the effects of these other interactions can be cancelled out. An advantage of the
double mutant cycle is that it does not require assumptions about desolvation free energies
or conformational entropy changes that are needed for the single mutants. On the other hand,
the double mutant cycle is a complex experiment fraught with uncertainties. In particular it
requires three different unfolding experiments, each requiring some level of interpretation.
Moreover, the approach cannot account for structural changes or new interactions in the
single mutants that are not present in the double mutant.

In a search of the literature, we found a total of 15 double mutant cycle analyses of hydrogen
bond contributions to protein folding, which are listed in Table I. Ignoring the outlier at an
unfavorable 2.6 kcal/mol, the remaining 14 interaction free energies made average favorable
contribution of 0.5 ± 0.7 kcal/mol, which is in the range found in Pace’s single mutant
analysis [42].

Double mutant cycles have also been performed on hydrogen bonds in functional binding
sites. As noted above, these hydrogen bonds have the potential to be particularly strong
because of evolutionary pressure to optimize binding interactions, but it again appears that
very strong hydrogen bonds are not the norm. Fersht et al. measured hydrogen bonds to
tyrosyl-tRNA-synthetase substrates and found that neutral hydrogen bonding interactions
contribute in the range of 0.5-1.5 kcal/mol. A thorough analysis of a hydrogen bonding
network between β-lactamase and a peptide inhibitor found that individual pairs of hydrogen
bonding residue pairs contribute only 0.3 kcal/mol [44].

How strong are side chain hydrogen bonds in membrane proteins?
The results from soluble proteins suggest that even in a water solution, hydrogen bonds in a
protein are generally stabilizing by about 1 kcal/mol, and with evolutionary pressure, can be
much stronger indeed. Moreover, there is little disagreement that an apolar environment can
be dramatically stabilizing. For example, dimerization of N-methylacetamide is about 4
kcal/mol stronger more favorable in carbon tetrachloride than in water. Consistent with these
measurements, calculations of Ben-Tal et al. suggest the energy of an amide hydrogen bond
is reduced from 6.6 kcal/mol in a vacuum to 5.3 kcal/mol in an alkane solvent and 1.3 kcal/
mol in water[18].

Experimental results in membrane proteins tell a different story, however. Quantitative free
energy measurements of regular hydrogen bonds in membrane proteins are summarized in
Table II. Both Bill Degrado and Don Engelman’s groups found that the introduction of polar
residues into a hydrophobic transmembrane helix could drive trimerization of the helix
[4,7,45-47]. Degrado’s group put these results on a quantitative basis by measuring the
difference in trimerization free energy for a series of polar and nonpolar substitutions using
equilibrium sedimentation in detergent solution [48]. They found that the strongest effects
relative to Ala were 1.8 kcal/mol per monomer for an Asp side chain. Fleming’s group
probed the contribution of hydrogen bonding to the dimerization of a β-barrel membrane
protein, OMPLA, and found a modest contribution of 0.5 kcal/mol per monomer [49]. In
glycophorin A, a Thr makes a hydrogen bond to the backbone of a neighboring dimer and
contributes approximately 0.5 kcal/mol per side chain [50]. A caveat for these observations
is that they were made in detergent solution. As a result, there might be a significant change
in the solvation free energy of the mutant side chains that could lead to an underestimation
of the net contribution in an apolar environment. Hristova and co-workers, however,
measured the contribution of a Glu side chain to the dimerization of an FGF receptor TM
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helix in natural bilayers and found a value of 0.7 kcal/mol. In unpublished results, we have
re-examined the contribution of the glycophorin A Thr hydrogen bond in POPC bilayers and
find a value of 1 kcal/mol per monomer. To summarize, the hydrogen bonding interactions
measured by single site mutants in membrane proteins all average 1.0 ± 0.5 kcal/mol. This is
essentially the same as what is seen in soluble proteins.

We performed double mutant cycle analysis of the interaction free energies for eight
different hydrogen bonds in bacteriorhodopsin [16]. The interaction free energies ranged
from an unfavorable 0.4 kcal/mol to a favorable 1.7 kcal/mol, with an average of a favorable
0.6 kcal/mol. Again, this is very similar to the results of double mutant cycle analyses in
soluble proteins discussed above.

The similar contribution of hydrogen bonding in both soluble and membrane protein is also
suggested by the finding that the fraction of unsatisfied hydrogen bonds is similar in the two
protein classes[16]. Fleming and Rose have pointed out that many of these apparently
unsatisfied hydrogen bonds are simply errors or could be satisfied by small adjustments to
the structure [51]. On the other hand, one could also argue that the fraction of observed
unsatisfied hydrogen bonds is an underestimate, since crystal structures are a static snapshot
and do not report the fraction of the time a particular hydrogen bond is broken. In either
case, soluble and membrane proteins do not seem to be strikingly different by this measure.

How can membrane protein hydrogen bonds be so weak?
One of the primary arguments that hydrogen bonds should be strong in the hydrocarbon core
of a bilayer is that the solvent cannot compete for hydrogen bonds in the folded state of the
protein. But that does not mean that membrane proteins do not experience competitive
hydrogen bonding potential as the protein itself is a plentiful source of alternative hydrogen
bonding partners[49]. For example, the unfolded state of helical membrane proteins is
thought to consist of separated transmembrane helices, in which the secondary structure
remains largely intact [37,52,53]. Most polar residues in a helix can hydrogen bond back to
the backbone [54]. Moreover, there are other polar side chain partners in the unfolded
protein. Thus, in the unfolded state, there is considerable local hydrogen bonding potential
that can compete with alternative hydrogen bonds in the folded protein. Indeed it is possible
that these alternative hydrogen bonds are more potent than hydrogen bonds to water because
they are intramolecular. As illustrated in Fig. 3, for a hydrogen bond to be net stabilizing, it
must be more stable than the alternative hydrogen bonds. For most polar side chains in a
helix, a backbone competitor is always readily available.

A second argument that hydrogen bonds should be strong in the membrane is that the
environment has a low dielectric, which should strengthen electrostatic interactions. No
doubt an apolar solvent can strengthen naked hydrogen bonds relative to a polar solvent, but
hydrogen bonding is a local interaction that usually occurs buried in a protein environment –
a much higher dielectric medium than pure alkanes. Moreover, the interior of membrane
proteins often contains considerable water that can form competitive hydrogen bonds.
Indeed, the similar polarity in the interior of soluble and membrane proteins argues that
hydrogen bond contributions should not be much different in the two protein classes [1,55].

As noted above, hydrogen bonds can be strong if there is evolutionary pressure driving their
optimization. It seems reasonable to suppose that the most potent evolutionary pressure for
optimizing hydrogen bonds would only occur for functional reasons rather than to stabilize
the protein fold. Indeed most polar side chains in membrane proteins seem to be important
for function and so there may be strong pressure to interact strongly with substrates rather
than with other polar groups in the protein.
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Glycine and CαH⋯O hydrogen bonds
Glycine residues are common in TM helix interfaces [9,56-58] and close apposition of
glycine residues in transmembrane helix oligomers can allow for the formation of potential
CαH⋯O hydrogen bonds [59]. Ab initio quantum mechanics calculations suggest that these
special hydrogen bonds could be half as strong as regular hydrogen bonds[60]. Arkin and
co-workers measured the change in stretching frequency of hydrogen bonded CαH bond
upon dimerization of glycophorin A [61]. The results suggest that this particular interaction
could contribute a favorable 0.9 kcal/mol to the dimer. While the magnitude of the estimate
is uncertain because it requires extrapolation from much stronger hydrogen bonds, it is
apparently a favorable interaction. How can these hydrogen bonds be significant
contributors to stability when regular hydrogen bonding appears to be so weak? A major
advantage of glycine is that there is no flexibility to form alternative hydrogen bonds like
polar side chains. Thus, the lack of competition could make glycine a particular potent
partner in these non-traditional hydrogen bonds. Consistent with this view, we investigated
the strength of a CαH⋯O hydrogen bond in which the donor oxygen is contributed by a Thr
side chain and found that it was not stabilizing [62].

Conclusion
While it appears that the average side chain hydrogen bonding interaction seen in both
soluble and membrane proteins are fairly modest contributors to stability, the importance of
hydrogen bonds should not be discounted. The strongest hydrogen bonds seen so far in
membrane proteins contribute about 2 kcal/mol to protein stability, which are significant
interactions that could mean the difference between life and death. Morever, multiple weak
interactions can sum to a significant stabilizing influence. An excellent recent example is the
network of CαH⋯O that appear to stabilize the helical hairpin formed by the influenza
hemagglutinin fusion peptide [63]. Moreover, there is little doubt that hydrogen bonds can
be extremely strong if evolutionary pressure favors it [24,25].
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Figure 1. Method for estimating of the average net hydrogen bond free energy
Pace collected unfolding free energy data for Tyr to Phe mutants and Thr to Val mutations
in which the wild-type side chain was either hydrogen bonded or not hydrogen bonded. The
analysis is illustrated for Tyr to Phe mutations. A mutation from Tyr to Phe will break the
hydrogen bond, reflected in ΔGHB. It may also alter other contributions of the side chain
such as hydrophobicity, conformational entropy and packing, reflected in ΔGSC(Tyr) and
ΔGSC(Phe) for the Tyr and Phe side chains, respectively. All other contributions to folding
that are not involved in the mutation are lumped into ΔGother. For the hydrogen bonded side
chains, the difference in unfolding free energies, ΔGu(1) and ΔGu(2), reflects both ΔGHB
and the difference in other side chain contributions. For the non-hydrogen bonded side
chains, the difference in unfolding free energies, ΔGu(3) and ΔGu(4), reflects only the
difference in the other side chain contributions. By subtracting the average unfolding free
energy changes for the mutants in the two classes (hydrogen bonded and not), the average
other side chain contributions cancel, leaving the average hydrogen bond contribution.
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Figure 2. Double mutant cycle analysis of hydrogen bond interactions
In this example residue X and residue Y form a hydrogen bond. The change in unfolding
free energy upon mutation of residue Y, ΔΔGu(Y), will reflect the hydrogen bond
contribution, ΔGHB, and any other interactions made by residue Y in the folded or unfolded
state, ΔGYother. Similarly, the change in unfolding free energy upon mutation of residue X,
ΔΔGu(X), will reflect the hydrogen bond contribution, ΔGHB, and any other interactions
made by residue X in the folded or unfolded state, ΔGXother. The change in unfolding free
energy upon mutation of both residue X and Y, ΔΔGu(XY), will reflect the hydrogen bond
contribution, ΔGHB, and any other interactions made by residues X and Y in the folded or
unfolded state, ΔGXother + ΔGYother. As illustrated below the cycle, adding the single mutant
effects and subtracting the double mutant effects results in cancellation of the other
contributions and leaves the hydrogen bond free energy. The key and rather bold assumption
is that the effects of the mutants are additive and independent.
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Figure 3. Native hydrogen bonds must compete with alternative hydrogen bonds
The figure illustrates a hypothetical hydrogen bond made between two threonine side chains
on the left must compete with an alternative hydrogen bond. The alternative hydrogen bond
could be made in either the folded or unfolded state because transmembrane helical structure
can be maintained in unfolded membrane proteins. For the hydrogen bond on the left to be
net stabilizing, it must be stronger than the hydrogen bond on the right.
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Table I

Interaction free energies for hydrogen bonded residue pairs measured by double mutant cycle analysis

PROTEIN RESIDUE PAIR INTERACTION FREE ENERGY REFERENCE

apoflavodoxin H34/ Y47 -1.32 ± 0.01 [64]

apoflavodoxin H34/ Y47 -0.66 ± 0.01 [64]

apoflavodoxin H34/ F7 -0.47 ± 0.03 [64]

apoflavodoxin D96/ N128 -0.19 ± 0.09 [65]

apoflavodoxin H34/ F7 0.08 ± 0.03 [64]

apoflavodoxin D96/ N128 0.3 ± 0.1 [65]

ketosteroid isomerase Y14/ D99 -1.3 ± 0.2 [66]

ketosteroid isomerase Y55/ D99 0.6 ± 0.1 [66]

ketosteroid isomerase Y30/ D99 2.7 ± 0.3 [66]

lambda repressor D14/ S77 -1.53 [67]

lambda repressor D14/ S77 -1.24 [67]

lambda repressor D14/ R17 -0.81 [67]

lambda repressor D14/ R17 -0.52 [67]

lambda repressor R17/ S77 -0.24 [67]

lambda repressor R17/ S77 0.05 [67]
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Table II
Experimentally measured energetic consequences of single mutations in hydrogen bonded
residues in membrane proteins

PROTEIN MUTATION ΔΔG (KCAL/MOL)* REFERENCE

Model TM Peptide& D/A 1.8 [4]

Q/A 1.6 [4]

N/A 1.0 [4]

E/A 1.0 [4]

OMPLA Q94A 0.5 [49]

Glycophorin A TM Peptide# T87A 0.5 [50]

FGFR3 TM Peptide A391E -0.7 [11]

*
per monomer values

&
values read for the bar graph in Fig. 5 of [4]

#
estimated from bar graph in Fig. 3 of [50]
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