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the air /water interface. Effect of pH
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Abstract

The putative fusion peptide of HIV-1 is a highly surface active substance. Relevant measurements with the Langmuir
monolayer technique have been carried out for a broad range of the pH in the aqueous subphase. The data are processed
towards a quantitative analysis of the partitioning equilibrium between the interfacial and aqueous moieties. Our results
reveal a pronounced decrease of the surface area per peptide molecule upon monolayer compression. This phenomenon
could be interpreted in terms of an orientational transition experienced by an «-helical peptide structure. The area
requirements at any fixed lateral pressure pass through a distinct minimum at a pH of 5.5 (+0.5). Such an apparent
isoelectric point was confirmed by isoelectric focusing of peptide aggregates. Accordingly a drastic drop of the pK-values of
the two basic amino acid residues in comparison with an aqueous medium is indicated. It can be readily explained based on
an inherent decrease of the effective dielectric constant. The observed low pH in favor of an enhanced surface affinity of the
peptide may be a significant factor concerning its function as a fusion promoting agent.
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1. Introduction conserved amino acid sequence which comprises in
most cases some 10 to 30 amino acids. However,
sequence alignments of different fusion peptides have
no pronounced homologies. Also, the occasionally
promoted idea of so-called sided fusion peptides is
not applicable in every case [6]. Furthermore, they
are not always located at the terminus of a vira
transmembrane protein. Hence the question arises
what causes the functionality? To answer this ques-
tion more structural and thermodynamic information
about fusion peptides is needed.

The aim of the present paper is to investigate
quantitatively fundamental physico-chemical proper-
ties such as the pH-dependent surface activity and the

* Corresponding author. Fax: +41 61 2672189. E-mail: isoelectric point, pl, of the putative fusion peptide of
schwarzg@ubac!u.unibas.ch the human immunodeficiency virus type 1 (HIV-1),

Fusion peptides play an important role in the
infection pathway of many enveloped viruses. They
induce fusion between the vira envelope and the
target cell membrane, thus facilitating that the viral
genetic material can enter the cell. The precise fusion
mechanism is not known yet. So far severa fusion
models for these enveloped viruses are discussed in
the literature [1-5]. All of them propose similar
molecular reaction steps. General features exhibited
by all fusion peptides are their markedly hydrophobic
character (implying surface activity) and a highly
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Fig. 1. Sequence of the amino acid residues of the putative HIV-1
gp41-fusion peptide (N — C) and their level of hydrophobicity
according to the Chothia scale [9]. The inset presents a ‘fried
egg’ view looking down the backbone of an a-helical conforma-
tion with its first hydration shell (dotted area) as calculated by
molecular modeling (see text).

representing the 23 amino acid residues at the N-
terminus of the viral transmembrane protein gp4l.
The peptide exerts a well-established surface pressure
at an air /water interface [7] and forms an a-helix in
trifluoroethanol [8]. The hydrophilic amino acids of
the peptide are concentrated at the C-terminus result-
ing in an amphiphilic structure with a hydrophilic
head and a hydrophobic tail analogous to that of a
lipid. The amino acid sequence and the distribution of
hydrophabicity along the peptide backbone as pre-
dicted by the Chothia scale [9] are shown in Fig. 1.
When projected in an «a-helical conformation the
peptide exhibits the shape of a sided fusion peptide
with al bulky side chains on one side of the helix
(‘fried egg’ view, seeinset of Fig. 1). In a membrane
the gp41-fusion peptide is capable of inducing either
fusion or lysis, depending on its intramembrane struc-
ture being either a-helical or B-sheet [8,10-12]. A
possible pH-dependence of the fusion process is still
an issue of controversial discussion in the literature
[13-15].

2. Theoretical basis

We take advantage of a novel method to process
conventional surface activity data of a poorly soluble

surfactant so that the partitioning between an
air /water interface and the bulk volume becomes
accessible quantitatively. This approach is founded
on thermodynamic reasoning as described previously
in greater detail [16]. Here only its essence will be
recapitulated in short.

The starting point is the appropriate mass conser-
vation law

ne=A-I'+V-cg (1)

involving the variables n,: total amount of spread
peptide, A: accessible surface area, I': surface con-
centration (mol per area), V: bulk volume, and cg:
subphase concentration (mol per volume), respec-
tively.

Under equilibrium conditions thermodynamic prin-
ciples imply that I" as well as c, are determined
solely by the lateral pressure, 7, as an independent
variable. Accordingly, a plot of n, versus A for a
fixed pressure at constant V is predicted to result in a
straight line. From its slope (I") and ordinate inter-
cept (ng=V-c,) the surface concentration and sub-
phase desorbed amount, respectively, can be readily
derived.

We could successfully confirm this linear relation-
ship experimentally with the present HIV-1 gp41-fu-
sion peptide at a subphase pH of 7.5[16]. In this way
I' and c, have been evaluated as a function of .
With a view on structural aspects we have then
calculated the partial molecular area of the peptide

a=(Ny-1)"" (2)

(N,: Avogadro's number). On the other hand, the
relevant Gibbs energy may be expressed in terms of
the monolayer-related chemical potential

w=p +RT-In(al) (3)

(w : interfacial standard potential) via the pertinent
activity coefficient « (reflecting the repulsive pep-
tide-peptide interactions in the monolayer). By means
of Gibbs' equation we may numerically calculate this
quantity [16] from the measured 7= and I' data
according to the relation

na=g+ [ (¢/T)dI where o = (m/m,) - 1
0
(4a)
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with 7, = RT - I" (i.e., the surface pressure under the
conditions of an ideal 2-dimensional gas). This leads
to

AG,, = RT-Ina (4b)

standing for the non-ideal contribution to the molar
Gibbs energy required to incorporate a peptide
molecule into the monolayer at constant area [17].

The course of a as a function of 7 turned out to
exhibit a very substantial decrease that apparently
reflects a transition from a larger-area state (presuma-
bly an a-helix parald to the interface) into a
smaller-area state (with a more oblique orientation).
Having introduced appropriate molecular self-areas
(i.e., the Van der Waal’s domains), a, and a (being
practicaly incompressible), the observed average
molecular area was expressed as

a=X;-a,+Xx,-a (5a)

with the corresponding mol fractions x, and X,,
respectively. For the smaller-area state we then obtain
the expression

x=[I' - (I'=I)]/[T-(I' = I)] (Sb)

that applies to the range of surface concentrations
between I, =1/(Nya,) and I' =1/(N,a ). Below
I, only the larger-area (low-pressure) state accord-
ingly exists, whereas above I' merely the smaller-
area (high-pressure) state is encountered. The func-
tional dependence of I" on c, or 7 could then be
described by

r=r,+[I-¢-(I' -L)|/[T +I,-¢']  (6)

where y= (77 ") /@, or (cscl)/c,, respectively.
The characteristic parameters 7, w, and c., c,
were determined on the basis of an experimentally
confirmed ‘Van 't Hoff’ type relationship of the
apparent equilibrium constant K = x, /X, regarding
the applied surface pressure [16].

In the present article this analysis will be extended
to a broad range of pH in the neutral and acidic
region. The results can be interpreted in terms of
pH-sensitive orientational changes that the peptide
undergoes in the monolayer. Our findings revesal
useful physicochemical properties of the HIV-1
gp4l-fusion peptide at a phase boundary between
hydrophaobic and hydrophilic media, providing possi-

ble new insights into the fusion process between the
virus and a target cell.

3. Materials and methods
3.1. General technical procedures

The synthesis of gp4l-fusion peptide (with a se-
quence derived from HIV-1 strain LAV, [7]) and the
procedure of the monolayer measurements have been
described previously in greater detail [16]. We used a
round Teflon trough after Fromherz [18], filled with
V = 48 ml of buffer. Each compartment was equipped
with atiny Teflon-coated magnetic stirrer. A peptide
stock solution (approx. 1 mg/ml) in DMSO (di-
methyl sulfoxide, 98% purchased from Fluka,
Switzerland) was subsequently spread in small
amounts (1 to 5 ul) on the clean air /buffer interface.
As demonstrated previously [16] there is no measur-
able loss of the peptide to the Teflon wall nor does
the solvent DM SO influence our monolayer experi-
ments. Performing 7 versus A-isotherms (‘isother-
ma mode’), measuring at constant 7 (‘isobaric
mode’) or at constant A (‘isochorous mode’) under
comparable conditions resulted in the same data pairs
of n, and A. Therefore we conclude that our system
has reached a thermodynamic equilibrium so that the
equations in the theoretical section are applicable.
Once equilibrium had been established, = versus A
isotherms were recorded with a compression rate of 5
cm?/min. Measurements always started with very
low lateral pressures. They have been performed at
room temperature (23 + 1°C).

The peptide concentrations were determined by
performing a periodically repeated quantitative amino
acid analysis [16]. Stock solutions have been stored at
—18°C in Teflon sedled glass vias under an argon
atmosphere.

Molecular modelling of ideal peptide structures
was done with the software Insight 2.3 provided by
Biosym (San Diego CA, USA).

3.2. Control of pH
Varying the composition of a Mcllvaine buffer

[19] provided an approximately constant ionic strength
(about 60 mM as calculated by an adapted Hender-
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son-Hasselbalch equation) over a broad pH range
without having to exchange the buffer system. Both
buffer components (Na,HPO, and citric acid mono-
hydrat) were purchased from Fluka. The water was
processed by a Barnstead NANOpure apparatus
(Dubugue, lowa, USA). The desired pH was adjusted
by variation of the buffer components and measured
during an individual experiment in the trough with a
combined Ag/AgCl flat electrode (Ingold, Urdorf,
Switzerland). Control experiments showed no mea-
surable effect of the ions released by the electrode.
Calibration and measurement were performed at the
same temperature. After each measurement the elec-
trode was treated with water and an acidic pepsin
solution to keep it clean.

3.3. Isoelectric focusing

Isoelectric focusing (IEF) was carried out with an
Applied Biosystems 270 A high performance capil-
lary electrophoresis (HPCE) system using the ProFo-
cus Kit also supplied from Applied Biosystems (San
Jose, CA USA). Measurements were carried out at
30°C with an electric field of 30 kV and the peptide
suspended in pure water. The suspension of gp41-fu-
sion peptide in water consists mainly of rod shape
aggregates [20]. When using this method the peptide
is moved from a pure water environment to a pH
gradient by applying an electric field. The movement
ceases once the pl is reached. The relative elec-
trophoretic mobility, w4, Was calculated according
to

Mg = (tP_tK)/(tA_tK) (7)
where t is the relative migration time of the peptide
sample, t, and t, are the relative migration times of
the cathode and anode interface [21]. The isoelectric
point of the peptide was determined by taking advan-
tage of the linear dependence of w,q on pl that had
been calibrated using 3 reference proteins (RNase A,
carbonic anhydrase and CCK flanking peptide). All
reagents for isoelectric focusing were prepared freshly
before each measurement.

4. Results and discussion

For a series of 15 given pH values ranging from
2.5 up to 7.5 and a constant ionic strength of 60 mM

3 r
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Fig. 2. Processing of origina surface activity data measured at
pH 6.3. Left pandl: Pressure-area isotherms for total amounts of
spread peptide n, = 1.05, 1.45, 2.25 and 2.80 nmol (l€ft to right).
The intersection points with the dashed line define pairs n, and
A for a fixed surface pressure of 25 mN/m. Right panel: Linear
mass conservation plots for 7 =5 (a), 20 (m) and 35 (¢)
mN /m.

we have determined the specific partitioning data.
This includes the results for pH 7.5 adopted from our
preceding paper [16]. In Fig. 2 the procedure is
demonstrated with data taken at a selected subphase
pH of 6.3. Plots of the surface pressure, 7, versus the
accessible trough area, A, have been registered for a
number of different total amounts of peptide, n,. At a
fixed lateral pressure we pick the trough area, A,
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Fig. 3. Plots of the measured partial molecular area, a (O), and
the subphase concentration, ¢, (X), versus the applied surface
pressure for a pH of 6.3. The solid curves have been calculated
by means of Eq. (6) with a, =450 A2, a = 205 A? (indicated by
the dashed line fragments), = * =19 mN/m, =, =6.9 mN/m,
c. =51nM, ¢c,=0.9nM.
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Fig. 4. Variations of the peptide’s partial molecular area with pH
at selected values of constant pressure (indicated on the right in
mN /m). Experimental uncertainties (= +5-10% for the areas,
+ 0.1 for the pH) are displayed by error bars for the examples of
5 and 30 mN /m, respectively.

corresponding to each n,. According to Eq. (1) the
dope of the resulting straight line, n, versus A,
directly measures the surface concentration, I', at the
given lateral pressure and pH, whereas the ordinate
intercept is equal to the subphase amount, n,=V - c..
In Fig. 3 we present the average partial molecular
area, a (caculated with Eq. (2)), and the subphase
concentration, c,, of the peptide in the course of
monolayer compression. This reflects a substantial
decrease of the peptide’s molecular area upon an
increasing surface pressure. A transition between two
states of different area requirements appears to occur
as we had dready observed for pH 7.5 [16]. This
routine was repeated for any of the pH under consid-
eration.

Table 1
Self-area requirements for ideal secondary structures of gp41-fu-
sion peptide as calculated by molecular modeling

Secondary structure Area[A?]

Top view Side view
a-helix 180 580
j3-sheet 80 740
extended 60 830

Top view refers to the area per molecule when the peptide is
oriented perpendicular to the interface, side view applies to an
orientation parallel to the buffer surface.

Fig. 4 exhibits an overview of the pH dependence
that is experienced by the area per peptide molecule
at constant 7. Assuming that the lowest area per
molecule reflects a lack of repulsive electrostatic
forces at zero net charge, the apparent minimum area
indicates an isoelectric point (pl) of about 5.5 (+0.5).
This is in good agreement with a pl of 6 (4+0.5)
resulting from four independent isoelectric focusing
measurements carried out in our HPCE apparatus for
a fixed concentration where the peptide is supposed
to be aggregated [20].

The molecular area characteristics of the mono-
layer-associated gp41-fusion peptide can be very well
described assuming a pressure-induced transition from
a larger-area to a smaller-area state. In view of
molecular modeling calculations (see Table 1), we
propose that at low lateral pressures the peptide
assumes the shape of an a-helix lying parallel to the
air /water interface, whereas at high values of 7 it
would be compelled to straighten up into a more
oblique orientation being in line with our previous
conclusion for a neutral pH of 7.5 [16]. Our present
study shows that this phenomenon undergoes a pro-
nounced quantitative modification when the pH in the
subphase is reduced.

For any special pH under consideration we have
evaluated the characteristic parameters that were in-
troduced in the context of Eq. (5a), Eq. (5b) and Eq.
(6). The two individual self-areas, a, and a , as well
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Fig. 5. The pH effect on the molecular self-areas, a, (O) and a

(@), in the low- and high-pressure interfacia states. Also the
halfway pressure 7 * (X) is shown (see text).
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Table 2

Fit parameters used for the measured pH values

pH 7.5 7.4 7.2 7.0 6.7 6.3 6.2 5.6 53 51 41 38 35 2.9 25
a  [MN/m] 229 225 220 225 205 190 188 180 170 170 195 195 205 230 240
7y [MN /m] 5.3 6.0 7.0 7.8 75 6.9 8.0 9.0 100 80 7.5 85 8.0 85 10.0
c. [nM] 57 5.0 8.7 7.0 15 51 5.0 8.0 100 180 36 5.0 20 51 9.8
C, [NM] 0.9 0.8 14 0.6 1.0 0.9 25 29 4 45 10 11 0.5 17 14

as the halfway pressure = * (where x, = 0.5, corre-
sponding to 50% orientational turn-over) are pre-
sented in Fig. 5. The additional quantities m,, c.
(halfway concentration in the subphase) and c, are
collected in Table 2. We can so very well fit all our
measured a (or dternatively I") and c, as a function
of 7 (as for example shown in Fig. 3 for pH 6.3).
Furthermore, we may calculate I" as it depends on c,
(representing the partitioning isotherm between the
monolayer and bulk volume phases).

From a thermodynamic point of view we direct our
attention to the work that must be done in order to
sgueeze a peptide molecule into an aready existing
monolayer. This is expressed as the Gibbs energy
AG,, introduced by Eq. (4a) and Eqg. (4b). We have
calculated it from our I' vs. 7 data. In Fig. 6 the
results are plotted as a function of I" for the special

case of pH 6.3. At the apparent threshold value
I'=36.9 pmol /cm? (being equal to the correspond-
ing I) the appropriate insertion energy undergoes an
abrupt increase reflecting the onset of strong inter-
molecular repulsion forces. These are presumably
caused by a close encounter of the self-areas. The
system will then tend to diminish the implied strain
by turning into a state of less area requirement that
eventually reduces the steep increment of AG,, at
more crowding of the molecules. Fig. 6 also features
the insertion energy as it is modified upon a change
of the pH. Again we note a minimum which can be
readily attributed to a lack of repulsive electrostatic
forces in the case of the suspected isoelectric point.
The thus indicated pl of 5.5 (+0.5) stands in an
obvious contrast to the value of 10.1 which is pre-
dicted on the basis of the aqueous pK-values of the

120 -
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g 40| &
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£
6 )
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0 30 60 90 ,
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Fig. 6. The molar Gibbs energy of peptide incorporation into the monolayer according to the Egs. (4a) and (4b) (see text). Left panel:
Data for pH 6.3 regarding the impact of repulsive forces when the surface concentration exceeds a threshold value I;,. Right panel: Effect
of pH at a number of constant lateral pressures (indicated in mN /m on the right).
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relevant amino acid residues (i.e., 12.5 for Arg™ at
position 22, in addition to 7.8 and 3.8 for the N- and
C-terminal groups, respectively). We must, however,
take into account that the surroundings of the charged
groups is substantially changed under the present
conditions. In the monolayer the molecules are packed
closely together at the interface. The same should be
true for our 1EF experiments where the peptide forms
rod-shaped micelles [20]. The apparent drop of the pl
could be explained by the change of the physica
environment of the peptide molecule at a boundary
between a relatively high dielectric constant (water)
and a domain with a low dielectric constant (air or
the hydrophobic core of the micelles, respectively).
The observed ApK = -4.6 can actually be rational-
ized by an increase of the standard Gibbs energy
AG? that is due to the higher Born self-energies of
the NH3 located at the N-termina alanine and the
arginine residue at position 22. This leads to

AG? = AGT + [(Ns€3) /(8me, R)|[ € * — &5 ]
(8)

for one elementary charge e, on a group having a
radius R; in an environment with the dielectric con-
stant € (e, stands for the permitivity of vacuum).
AG? refers to an environment with the dielectric
constant €, (water). By assuming an ion radius of 5
A and a physically reasonable € of 5, one actually
arrives at a decrease of each of the two basic pK by
4.6 units. The effect of other ionic species in the
surface domain is neglected since these should be
forced off into the favorable dielectric medium of the
agueous subphase. A similar pK shift of 2 units to
more acidic values was observed in the case of
air /water monolayers of substance P, a peptide with
the biological function of a neurotransmitter [22].

It should be noted, however, that according to Fig.
5 the smaller self-area is not affected in the acidic
pH-range. This suggests a different charge structure
of the two orientational states. Naturally the N-termi-
nal amino group of the hydrophobic part would be
pushed farther off the water surface into the dielectric
domain of the air. Presumably this lowers the pK
even more than in the flat position so that there is no
N-terminal charge at al under the given circum-
stances. On the other hand, a zwitterionic configura-

tion is built up at the hydrophilic end which dips into
the agueous medium. Then appreciable electrostatic
repulsion resulting in an increase of a is to be
expected only at higher pH where merely the nega-
tive charge of the C-terminal carboxyl group has
survived.

The surface concentration of the gp41-fusion pep-
tide (derived by inverting Eq. (2)) for a fixed surface
pressure has its uppermost value (e.g., about 83
pmol /cm? at 35 mN /m, whichy corresponds to an
area per molecule of about 200 A?) at pH 5.5, while
the halfway pressure 7= * assumes a minimum value
(see Fig. 5). At this pH the molecules can obviously
pack most closely because they are forced to
straighten up by the applied pressure. In other words,
when approaching the pl, the hydrophilic/lipophilic
balance, HLB, of the gp41-fusion peptide is shifted to
a more lipophilic value, thus improving its potential
to penetrate a lipid phase.

The partitioning isotherms (i.e., I" versus c,) ex-
hibit some kind of saturation at higher pressures
indicating an equilibrium pressure above which all
additional peptides would be pushed into the sub-
phase as reported by the group of DeGrado [7]. Some
of our experiments (data not shown) suggest, how-
ever, that at pressures above approx. 35 mN/m
(depending on pH) the partitioning isotherm appears
to raise again. Possibly there is another transition,
leading perhaps to a B-sheet conformation. Although
guantification in that region suffers from a greater
uncertainty, we nevertheless observe a clear trend
towards a transition to an even lesser area-requiring
state.

The fusion process being presumably mediated by
the peptide sequence under consideration is a multi-
step operation whose molecular details are still un-
clear. Our experiments show that the peptide’s affin-
ity to a hydrophobic interface would be favored by an
agueous pH of about 5.5. In the case of the native
gp4l protein there is of course no negative charge at
position 23 (i.e., the C-terminal end of the present
peptide). It remains, however, the apparent disappear-
ance of the N-terminal positive charge for a suffi-
ciently low pH (owing to the reduced pK of some
3.2). Accordingly physiogenic activity should be pro-
moted in an acidic environment because of the im-
plied advantage regarding penetration into the mem-
brane of a target cell. In order to explore that aspect
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more directly, we have started pertinent studies prob-
ing the peptide when it actually interacts with a lipid
monolayer [23].
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