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Keeping dry and crossing membranes

Ariel Fernandez

Water sustains life but also imposes con-
straints on what life should be like. Its high
dipole moment, proton donor-acceptor dual
nature and rotational freedom make it a
powerful former of hydrogen bonds. In solu-
ble proteins, this property places stringent
constraints on the way proteins interact'™
and fold®. I argue here that the manipulation
of intramolecularly underdehydrated or
underwrapped electrostatic interactions in
proteins can be exploited in engineering
strategies to create molecules with an
enhanced ability to traverse biological mem-
branes, with potential implications for oral
delivery of peptide-based drugs.

How water gets dry

An intramolecular electrostatic interaction
in a soluble protein prevails only if the com-
peting hydration of the polar or charged
groups is precluded by the structural design
itself'>. Water tends to attack underpro-
tected intramolecular hydrogen bonds and
exposed salt bridges, being particularly

Ye) ‘unforgiving’ to interactions exposed to bulk

solvent!=. This property dictates that essen-
tial parts of protein structure, like the back-
bone hydrogen bonds, should be ‘kept dry’ if
the structure is to prevail. It also constrains
the protein folding® and interactions!™. For
instance, the failure to completely dehydrate
backbone hydrogen bonds intramolecularly
makes a soluble protein reliant on binding
partnerships! for the preservation of its fold.
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Figure 1 Wrapping of the glucagon molecule in helical conformation (PDB entry 1GCN). (a) Full molecule;
(b) detail. The backbone is indicated by blue virtual bonds joining a-carbons. The well-wrapped backbone
hydrogen bonds are indicated as gray segments, and the dehydrons are indicated in green.

When suitable partners are absent, a lack of
proper wrapping or protection of the back-
bone hydrogen bonds may promote aberrant
aggregation®® or nonspecific protein-mem-
brane associations® as a means to improve
the protection of the backbone from water
attack in detriment of the information
encoded in the primary sequence®. This phe-
nomenology may be rationalized after the
experimental demonstration that packing
defects in proteins are actually sticky, as
electrostatic interactions become enhanced
and stabilized through the removal of sur-
rounding water’.

Certain regions of the protein surface are
naturally designed to be dry in water. When
water is severely confined, as it may be when
in proximity to hydrophobic residues form-
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ing a protein cavity, a sufficient number of
hydrogen bond partnerships are lost, lower-
ing the fluid density at the interface®. This
unfavorable interface leads to the formation
of a gaslike layer (drying) through capillary
evaporation®. Such constraints make it
entropically and enthalpically too costly for
water to remain in the confining region, thus
inducing a ‘drying transition’-!1.

Because backbone hydrogen bonds are
determinants of the basic structural motifs,
the o-helix and [-sheet, protein structure
can only prevail in water if the majority of
such bonds are adequately dehydrated!'->.
This desolvation requires that nonpolar
groups cluster around the amide-carbonyl
hydrogen bonds, expelling the surrounding
water; thus, stable soluble structure must
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Figure 2 Time dependence
of the adsorption uptake
and desorption of soluble
mutants of the G4V
glucagon peptide onto

and from a dilauryl
phosphatidylcholine bilayer
coating a biosensing optical
device. The adsorption
experiments were
conducted at 318 K under
controlled hydrodynamic
conditions identical to
those provided in refs.

2 and 7. Adsorption was
assayed by evanescent-
field total-reflection
spectroscopy to reach
equilibrium at 1 uM bulk 0
peptide concentration. This
concentration was reduced

to O uM within the interval
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1,400-1,800 s, after equilibration was reached at 1,400 s in all cases. The mutation G4V in all
peptides prevents the exposure of the backbone amide, a bottleneck for penetration into the lipid
phase. Eight measurements were made for each peptide, and the error bars indicate the dispersion
in adsorption uptake values. Comparable dispersions were obtained for the A19V mutation but have
been omitted for clarity. Red diamonds, A19V; lavender diamonds, D15N; yellow squares, G4V
glucagon; green circles, S16E; purple triangles, SI6E/D15E double mutant.

thoroughly ‘wrap’ its hydrogen bonds!= as a
means to preserve its integrity. A dehydrated
hydrogen bond is more stable (by roughly an
order of magnitude in free-energy terms)
than one formed in bulk water!>!3.

Dehydrons and wrapping

To assess the significance of this building
constraint, Scott and I'? have systematically
investigated the microenvironments for
backbone hydrogen bonds in all high-reso-

¥y lution (2 A or better) Protein Data Bank

(PDB) structures. Strikingly, we found that
95% of the stable soluble proteins examined
keep at least 92% of their backbone hydro-
gen bonds ‘dry’ by completely wrapping
them. The extent of wrapping of a hydrogen
bond can be assessed by defining two desol-
vation spheres centered at the a-carbons of
the bonded residues and counting the num-
ber of side chain nonpolar groups within the
spheres!3.

Underwrapped hydrogen bonds in mono-
meric structure, now termed ‘dehydrons’B,
typically signal binding regions"”!3. Non-
polar groups from the binding partner
approach preformed dehydrons in the
monomeric structure, and in so doing, they
strengthen them by markedly lowering the
solvent screening of the partial charge on the
amide and carbonyl. A similar principle
should apply to underwrapped salt bridges,
termed here ‘desolvons, which engage
charged groups. The ‘attraction prompted by
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water removal’ is essentially a three-body
effect: the nonpolar group is attracted to the
hydrogen bond or salt bridge because, in so
doing, it expels the water surrounding the
interaction, making it both stronger and
more stable. This force also has a thermody-
namic component, in that the hydration of
the amide and carbonyl (or charged groups)
is hindered by the approach of a nonpolar
group, and thus the state with the broken
bond is destabilized 3.

In this light, the hydrogen bond and salt
bridge could be regarded as hydrophobic
entities in the broadest sense!. This fact
was originally noted by Roseman'?, who
proved using a thermodynamic cycle argu-
ment that the transfer of an amide and car-
bonyl group from water to a nonpolar phase
is far more favorable when such groups are
paired by a hydrogen bond than when trans-
ferred in isolation.

It should be possible to ‘intermolecularly
correct’ the structural deficiencies of mono-
meric protein structure by exogenously
dehydrating its hydrogen bonds. This prop-
erty clearly holds because dehydrons (or
desolvons) favor energetically and thermo-
dynamically the removal of surrounding
water to an extent comparable to exposed
hydrophobic patches’. This free-energy
decrease is invariably a sufficient compensa-
tion for the work required to remove water
from the dehydron surroundings, because
such water is already partially confined and

VOLUME 22 NUMBER 9

has lost hydrogen bond partnerships'* while
attached to the dehydron.

Thus, it should not be surprising to find
an intimate relationship between protein
interactivity and the inherent inability of the
monomer to keep itself completely ‘dry’
where it is most crucial to preserve the struc-
ture. This relationship provides a vivid
biological realization of the model for
hydrophobicity at nanoscales®.

A clear pattern arises as we examine sys-
tematically the surface of soluble proteins
and the protein association interfaces.
Although binding sites are indeed regions
where it is most advantageous to exclude
surrounding water, such regions seldom
involve patches of overexposed hydro-
phobes—actually a rare occurrence on the
surface of the protein. Binding sites typically
involve underwrapped hydrogen bonds'3.

Structures that constitute severe ‘under-
wrappers’ of their backbone hydrogen bonds
almost invariably either correspond to tox-
ins, requiring a profusion of disulfide
bridges to preserve their structural integrity,
or represent major anomalies, like amyloido-
genic proteins>®, which undergo major
rearrangement and aggregation.

Making peptides go places

Assuming that a protein design principle can
be built around the concept of under-
wrapped electrostatic interactions, there are
several implications for protein engineering
strategies. One major challenge in the oral
delivery of peptide-based drugs is the need
to ensure their effective transportation
across the cellular membrane and into the
intracellular aqueous space'>!°. Thus, an
intramolecularly underwrapped electro-
static interaction might facilitate such trans-
portation, in that a partition coefficient
between the lipid (anhydrous) and the aque-
ous phase may be established as a result of
two competing effects: the dehydration of
preformed electrostatics and the hydration
of the polar groups. The former fosters pene-
tration into the lipid phase, whereas the
latter is favored in an aqueous environ-
ment. Thus, a conformational switch yield-
ing alternatively the bonded or nonbonded
state might effectively generate the partition
coefficient required for drug delivery across
cellular membranes.

I envision a new generation of peptide-
based ‘trojan’ drugs whose success depends
on their autonomous, spontaneous and
effective delivery articulated by an unspecific
percolation through cellular membranes.
Through internal structural change, such
peptides must not only become soluble in
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the lipid but also be capable of modulating
their solubility in the nonpolar phase so as
to eventually become water soluble, as
required for proper delivery. The postulated
peptide drug would modulate its water/lipid
partition coefficient through conforma-
tional change.

Although engineering of a hydrophobic
patch would probably provide inadequate
partition switching for such a protein
because of its high instability in water, engi-
neering of an underwrapped region might
be more promising?. This is because the
hydration of amide and carbonyl, a natural
occurrence in the water phase, effectively
competes with the dehydration of the hydro-
gen bond, which engages the amide and
carbonyl and takes place in the lipid (anhy-
drous) phase. Fostering and manipulating
this competition might very well become the
design principle required to build a peptide-
based drug capable of autonomously traver-
sing the cell membrane.

As emphasized earlier, the design poten-
tialities of the dehydron and desolvon con-
cepts need to be assessed with regard to their
impact for oral delivery!>!6. If a peptide
chain forms dehydrons or desolvons within a
frequently visited conformation, a partition
coefficient between the lipid membrane and
the intracellular space is defined by two
opposing processes: (i) the dehydration of
an intramolecular electrostatic interaction
and (ii) the hydration of the polar groups
associated with the loss of the interaction.
Such investigations may shed light on how
fundamental interactions between hormone
peptides and their membrane-bound recep-

2Yo) tors take place, because such interactions are

known to require specific structural motifs!”
that are unlikely to prevail in bulk water.

Proof of principle

To illustrate these possibilities, I chose glu-
cagon, a 29—amino acid hormone peptide
that regulates glucose metabolism!®. This
system is suitable because it represents a
good compromise between size and biologi-
cal relevance. The molecule is assumed to
form partially exposed i, i+3 and i, i+4 salt
bridges, provided it adopts an a-helical con-
formation!®. Furthermore, the i, i+3 and i,
i+4 backbone hydrogen bonds involving any
of the six poor-wrapping residues (Ala, Ser,
Thr, Asp, Asn, Gly)?? will invariably be dehy-
drons because of the lack of a large-scale
context (that is, lack of tertiary structure)
needed to fully dehydrate the helix. Such
dehydrons provide sticky regions as the pep-
tide visits the helix conformation in the
bulk-water phase’. However, such dehydrons

are also spots vulnerable to water attack, and
thus the helical conformation is expected to
be unstable in bulk water. On the other
hand, preformed underwrapped electro-
static interactions in water, however ephem-
eral they may be, are required to ensure
membrane penetration through dehydra-
tion, and thus mutants have been designed
to ‘correct’ structural deficiencies in gluca-
gon, promoting the occurrence of under-
wrapped electrostatic interactions. One
basic mutation, G4V, appears necessary in
any peptide with an adequate water/lipid
partition coefficient. The substitution is re-
quired to prevent exposure of the backbone
amide. These properties of the helical struc-
ture of glucagon lead us to suspect that the
acquisition of helical structure is required
for the penetration into the membrane
bilayer, which in turn ensures the structure
preservation by bolstering the dehydration
of the salt bridges and hydrogen bonds.

Thus, my group has designed mutants
intended to partially increase the wrapping
of purported salt bridges in the helical state
as well as stabilizing the helical conforma-
tion by wrapping the backbone hydrogen
bonds. The latter condition is required to
ensure that the salt bridges have a chance to
form in water in the first place.

If G4V glucagon were to adopt in bulk
water the same helical structure that it
adopts in the crystal (PDB entry 1GCN), the
backbone would present a high concentra-
tion of packing defects in the region defined
by the dehydrons Asp21-Gln24, GIn20-Val23,
Ser16-GIn20, Ser16-Alal9 and Lys12-Asp15,
as indicated in Figure 1. Such a high number
of packing deficiencies implies that the
helix will not prevail in water unless poor-
wrapping residues, such as Serl6 or Alal9,
are modified to protect the backbone. On the
other hand, the helical conformation can
accommodate three desolvons: Lys12—-Asp15,
Asp15-Argl8 and Argl7-Asp21. Thus, the
mutants must be designed to protect the
backbone and at the same time to dehydrate
or protect the salt bridges, which, being
marginally stable in bulk water, would bene-
fit from exogenous dehydration and thus
enhance the affinity of the peptide for the
lipid phase.

The wild-type helical structure of such a
short peptide is unlikely to be stable in water
because of the absence of a tertiary structure
scaffold required to enhance the dehydration
of the backbone hydrogen bonds®. However,
the helical conformation is undoubtedly
sufficiently stable to fulfill the stereochemi-
cal demands in glucagon crystallization.
Given my design objectives, a high helical
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stability in water is actually undesirable,
because the stickiness of the helix arises
precisely as a consequence of its vulnerabil-
ity to water attack’.

Mutant glucagon molecules have been
used to test the hypothesis that the presence
of dehydrons and desolvons facilitate trans-
portation of peptides across lipid phases.
Besides the ubiquitous mutation G4V, the
assayed mutants were A19V, DI15N; S16E
and S16E/D15E. No structure for any of the
mutant peptides has been reported in the
PDB at this time. Given my design objec-
tives, such constraint is probably immaterial:
The focus of this study is the creation or
deletion of sticky packing defects in the
helical conformation—metastable as it may
be in bulk water—and the modulation of
the vulnerability of the helix to water attack
as a means of manipulating the membrane-
traversing propensity. Thus, although the
mutants and wild type are not likely to fold
into a stable helical conformation because
of their inability to form tertiary structure,
it is precisely the metastability of the helix
that confers the propensity to traverse the
lipid phase.

We adapted a previously designed setup®’
to probe membrane penetration for the dif-
ferent peptides. Thus, protein adsorption
onto and desorption from a Langmuir-
Blodget dilauroyl phosphatidylcholine bilayer
is measured under controlled hydrodynamic
conditions with a constant flux fixed at
5 x 1073 cm?¥/s. Adsorption took place at the
constant bulk concentration of 1 UM and
desorption at 0 UM bulk concentration; vari-
ations in the adsorption uptake for different
peptides were monitored by evanescent-field
total-reflection spectroscopy using an opti-
cal biosensing device®’, which interrogates
the coating of an optical waveguide serving
as the floor of the cell.

The adsorption-desorption profiles dis-
played in Figure 2 reveal that adsorption
equilibration is achieved at t = 1,400 s for all
peptides. Obviously, the most desirable pep-
tide for delivery across a lipid phase is one
with the highest adsorption equilibrium
uptake followed by the most complete des-
orption, once the bulk concentration is
reduced from 1 UM to 0 UM within the
1,400- to 1,800-s interval.

The A19V mutation provides better wrap-
ping to dehydrons 16-19 and 16-20, thus
scaffolding the helical structure and thereby
fostering the formation of the i, i+3 and i,
i+4 desolvons. Furthermore, it contributes
to dehydrate and thus stabilize the 15-18
desolvon. Although this mutation triggers an
appreciable increase in adsorption uptake in
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comparison with wild-type levels, it also
introduces a hydrophobic surface residue.
This increased hydrophobicity precludes
proper desorption (Fig. 2), and thus, it ren-
ders the peptide an unlikely candidate for
delivery into the intracellular space.

The D15N mutation obviously removes
the 15-18 desolvon, leaving the charged
Argl8 exposed to the solvent. Thus, the
adsorption uptake is markedly reduced with
respect to wild-type G4V levels, making this
mutation deleterious for transportation
across an anhydrous phase, because that
process would markedly increase the self-
energy of Argl8.

In contrast, the SI6E mutation seems very
adequate for across-lipid peptide transport,
with its considerable degree of adsorption
and desorption. This mutation introduces a
new Glul6-Argl7 desolvon and stabilizes
the helical structure because it contributes to
the wrapping of the 16-19, 16-20 and 12-15
backbone hydrogen bonds.

On the other hand, the SI6E/D15E double
mutation produces the highest adsorption
uptake ([0.15 mM equilibrium concentra-
tion in the lipid phase), although the incom-
plete desorption might signal less efficient
delivery into the intracellular space. This
mutation contributes to more effectively
wrap the backbone (similarly to the S16E
mutation) and contributes to further protect
or dehydrate the purported salt bridges
12-15, 15-18 and even the new salt bridge
Glul6-Argl7, thus increasing the dehydra-
tion propensity of the peptide, a trigger for
penetration into the lipid phase. On the
other hand, the mutation does not introduce
hydrophobic residues, which would prevent
the reinsertion into the aqueous phase.

Several control mutations have been
assayed for their adsorption-desorption
behavior. Some mutants were designed to
enhance the surface hydrophobicity of the
helical conformation (the standard trigger
for membrane penetration) as well as to
delete desolvons, thus leading to the expo-
sure of unpaired polar side chains. Thus, the
adsorption uptake of mutants D15V (or
D15A) and D21V (or D21A) was found to
be virtually undetectable (of the order of
5 molecules per um?, or lower). These muta-
tions remove the desolvons 15-18 and
17-21, respectively, thus markedly increas-
ing the self-energy of Argl8 or Argl7 in the
lipid phase. Therefore, although the hydro-
phobicity is increased with both mutations,
the removal of sticky packing defects entails
a thermodynamic cost sufficiently high to
preclude membrane penetration. On the
other hand, the helix-stabilizing mutation
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G4V provides extra hydrophobicity to the
peptide without altering its desolvon pattern
and introduces a better wrapping of the 64
and 4-1 dehydrons. Despite the enhanced
hydrophobicity, the maximum adsorption
uptake for this mutant is barely detectable
(10 molecules per pm?), because of the
persistent instability of the 12-15 and
15-18 desolvons. These desolvons remain so
poorly wrapped that penetration into the
lipid phase probably entails the burial of
unpaired charges most of the time. On the
other hand, no desorption was observed
for this mutant, as expected in light of its
greater hydrophobicity.

The tests provided argue on purely phy-
sicochemical grounds for the importance
of partially dehydrated electrostatics as a
concept to design peptides susceptible of
delivery across anhydrous lipid phases and
membranes. The biomedical impact of this
design principle remains to be assessed.
Thus, I envision a new generation of trojan
drugs endowed with conformational switches
to camouflage the structural features that
make them water-soluble, replacing them
with dehydration promoters.
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