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Fig. 2. High-resolution x-ray crystal structures are very close to
design models. Left, design model schematic; middle, comparison of
selected cross sections to crystal structure; right, backbone superposition
to crystal structure. (A and B) Design pRO-2.3 (A) and design pRO-2.5 (B):
Design models (colored by subunit) of pRO-2.3 and pRO-2.5 are in close
agreement with x-ray crystal structures (white): electron density (blue
mesh) is shown at a level of 1.0 A; root mean square deviation values

between crystal structure and design model are given for heavy-atom
superposition of the side chains shown in the boxes, and for all backbone
atoms (right). Cross sections in boxes are labeled as in the theoretical
model (supplementary materials, egs. S1 and S2): hydrophobic layers
(n, black), histidine network layers (m, red), and polar network layers
lacking histidine (/, blue). Protein Data Bank (PDB) accession codes

are 6MSQ (pR0O-2.3) and 6MSR (pRO-2.5).
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Fig. 3. Systematic tuning of pH transition point and cooperativity.
(A) Schematics of designs with different combinations of hydrophobic
layers (n, black), histidine network layers (m, red), and polar network
layers lacking histidine (I, blue); the number of each layer type is given
in parentheses as (n, m, ). (B) Chemical denaturation by GdmCI at
pH 7.4 measured by CD MRE monitoring helicity at 222 nm; curves are
colored according to their design names in (A) with estimates of
unfolding free energies (fig. S6) displayed in the inset. (C) Theoretical
model: pH dependence of trimer abundance according to eq. S2;
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each curve corresponds to the values of m, n, and / for a design in

(A) and they are colored accordingly. Curves were generated using
parameter values AGpydrophobic = 2.7 kcal/mol, AGpojar,, = —2.8 kcal/mol,
and AGpopar, = —3.41 kcal/mol, estimated from chemical denaturation
experiments (B) (fig. S6, supplementary materials). (D) Native mass
spectrometry—monitored, pH-induced quaternary structure disruption of the
designs in (A) at 1.67 or 5 uM with respect to the trimeric species; curves
were fit to the experimental data using eq. S3. (E) The higher the ratio

of m to n (x axis), the higher the pH transition point pHo (y axis).
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the transition (Fig. 3C, bottom). Qualitatively, the
pH set point—the pH at which the free energy
of disassembly is zero—is determined by the
balance between the overall intrinsic stability
of the protein at neutral pH (which increases
with 7) and the magnitude of the pH-dependent
destabilization (which increases with m), whereas
the transition cooperativity is determined by the
total number of protonatable histidine residues
(which increases with m). The designs of Fig. 3A
were assessed by native mass spectrometry and
found to assemble to the intended trimeric state
at pH 7 and to disassemble at a range of pH
values (Fig. 3D) that are qualitatively in agree-
ment with the model calculations described
previously.

The larger the number of hydrophobic layers
(n), the greater the predicted stability and hence
the lower the predicted transition pH (Fig. 3C).
Indeed, replacing a single histidine network with a
hydrophobic network (design pRO-2.1; Fig. 3D, top,
purple curves) shifts the transition pH from above
5 down to ~3.5, and replacing two histidine net-
works with hydrophobic networks (design pRO-2.2;
Fig. 3D, top, pink curves) eliminates the pH re-
sponse altogether. Designs pRO-3 (Fig. 3D, top, red
curves) and pRO-3.1 (Fig. 3D, top, orange curves)
have two fewer total layers than pRO-2 and also
behave as predicted: Replacing a single histidine
network layer with a hydrophobic layer in these
shorter designs increases the pH set point. Over
the full set of designs tested, the larger the ratio
of hydrophobic layers () to histidine layers (m),
the higher the transition pH (Fig. 3E; see sup-
plementary materials for discussion).

Decreasing the total number of histidine resi-
dues without substantially altering stability is
predicted to decrease the cooperativity (steep-
ness) of the transition (Fig. 3C, bottom). Indeed,
replacing the histidine networks (m) with polar
networks lacking histidine residues (/) that have
roughly equal contribution to stability at neutral
pH allows for tuning of the cooperativity of dis-
assembly (Fig. 3D, bottom) with little effect on
stability (Fig. 3B). At 5 uM trimer (Fig. 3D, bot-
tom right), the transition cooperativity decreases

Fig. 4. pH-dependent membrane disruption.
Proteins were added to synthetic liposomes
encapsulating quenched SRB fluorescent

dye; activity is measured by normalized
dequenching of dye that leaks out from
disrupted membranes. (A) Design pRO-2
disrupts liposomes in a pH-dependent
manner; colors correspond to different pH
values (shown on right). (B) pRO-2-noHis,
which is not pH responsive (Fig. 1, C and D), does
not disrupt liposomes at pH 5. (C) Design pRO-3
shows liposome disruption activity at pH 4.75,
whereas pRO-3.1 does not, despite pRO-3.1 being
more pH responsive (Fig. 3D). (D) Comparison
of pRO-2, pRO-3, and pRO-3.1 suggests that the
membrane-interacting region is the contiguous
hydrophobic stretch at the C terminus (right):

through the series (m = 3, [ = 0) (black) through
(m =2,1=1)(cyan) to (m =1, I = 2) (green),
consistent with this expectation and the simple
model. Indeed, design pRO-2.5 (green curves),
which has only one histidine network, is the least
cooperative design tested and disassembles at
~pH 4 (Fig. 3D, bottom), despite having the lowest
stability in chemical denaturation experiments
(Fig. 3B). Overall, the model is in qualitative agree-
ment with experimental observations; the designs
have predicted transition pH values that are
within ~0.5 pH units of experimentally observed
values (table S3 and fig. S7).

Context dependence

Although the simple model qualitatively accounts
for the dependence of disassembly and coopera-
tivity on m, n, and [, the location of the histidine
network layers also contributes. For example,
pRO-2.3 and pRO-2.4 have identical layer com-
positions (Fig. 3A) and nearly identical sequence
compositions (table S1), but pRO-2.4: disassem-
bles at a higher transition pH and is less coop-
erative (Fig. 3D). Overall, designs with a histidine
network close to the termini (e.g., pRO-2.4) have
higher transition pH values and less cooperative
transitions (fig. S7). Designs pRO-2.1 and pRO-
2.3, which do not have histidine networks close
to their termini, have predicted measurements
of cooperativity that are close to experimentally
observed values (table S3). Our simple model
assumes that the histidine residues have suf-
ficiently low pK, values in the folded state
that protonation only occurs upon disassembly,
but that histidine residues close to the termini
could have a higher pK, if exposed in local con-
formational fluctuations of the termini, allow-
ing some accommodation of protonation in the
trimeric state. Consistent with this hypothesis,
designs pRO-2 and pRO-2.4, which have histi-
dine networks closer to the termini, have higher
flexibility as assessed by small-angle x-ray scat-
tering (SAXS) measurements (29, 30) compared
with designs pRO-2.1, pRO-2.3, pRO-2.5, and
pRO-2-noHis, which do not have histidine net-
works close to the termini (fig. S8 and table S4);
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a correlation between flexibility and reduced
cooperativity is also observed when the ordered
helix-connecting loops are replaced by a flexible
Gly-Ser (GS) linker (fig. S9). Designs with histi-
dine networks farther away from the termini
(and closer to the loop in the helical hairpin sub-
unit) are presumably harder to initially protonate
(with very low pK,’s), but once protonated, the
histidine residues have a greater destabilizing
effect that increases the accessibility of the other
histidine positions, resulting in a more coopera-
tive transition.

pH-dependent membrane disruption

The trimer interface contains a number of hy-
drophobic residues that become exposed upon
pH-induced disassembly; because amphipathic
helices can disrupt membranes (17, 31), we inves-
tigated whether the designed proteins exhibit pH-
dependent interactions with membranes. Purified
protein with the hexahistidine tag removed was
added to synthetic liposomes containing the pH-
insensitive fluorescent dye sulforhodamine B
(SRB) at self-quenching concentrations over a
range of pH values; leakage of liposome contents
after disruption of the lipid membrane can be
monitored through dequenching of the dye (32).
Design pRO-2 caused pH-dependent liposome
disruption at pH values as high as 6, with maxi-
mal activity around pH 5 (Fig. 4A); disruption
was observed over a range of lipid compositions
(fig. S10). Design pRO-2-noHis, which did not
disassemble at low pH (Fig. 1, C and D), showed
no liposome activity at pH 5 (Fig. 4B). Design
PRO-3, but not pRO-3.1 (which is even more
pH sensitive than design pRO-3; Fig. 3D), also
caused pH-dependent liposome disruption (Fig.
4C). Unlike pRO-3 and pRO-2, pRO-3.1 lacks a
contiguous stretch of hydrophobic amino acids
at the C terminus (Fig. 4D); to test the impor-
tance of this feature, we mutated a central iso-
leucine in this region of pRO-2 to asparagine
(I70N), which resulted in attenuation of pH-
induced liposome disruption (Fig. 4E). Our de-
signs mirror the behavior of naturally occurring
membrane fusion proteins, such as influenza

C-terminal residues:

o
PH 5.0 c €094k a5
S RO-2
pRO-2 § 0.3 p!
o2 pRO-3
3
g 0.1
pRO-2-noHis % pRO-3.1
500 1000 S % 500 1000
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E §0'4 pRO-2 pH 5.0
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E o
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in pRO-3.1, additional histidine network residues (red) interrupt the contiguous hydrophobic stretch. Single-letter abbreviations for the amino acid residues
are as follows: A, Ala; E, Glu; F, Phe; H, His; |, lle; K, Lys; L, Leu; N, Asn; R, Arg; V, Val; and W, Trp. (E) pRO-2 170N mutation attenuates liposome activity.
Final protein concentration is 2.5 uM with respect to monomer. Data compared within each single plot were collected using the same batch of liposomes.
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HA, in undergoing conformational rearrange-
ments that expose the hydrophobic faces of
amphipathic a helices, allowing them to inter-
act with membranes (4-6).

To increase the pH of disassembly closer to
that of early endosomes (~5.5 to 6), we decreased
the overall interface affinity through mutations
in the hydrophobic layers (tuning AGyyarophobic
in eq. S2) of design pRO-2. Consistent with the
model (supplementary materials, eq. S2), in-
creasing AGhydrophobic through the A54M sub-
stitution decreases the transition pH, whereas
weakening AGhyarophobic With the 156V substitu-
tion increases the transition pH to ~5.8 (Fig. 5A).
Neither of the mutations substantially affect the
cooperativity of the transition (Fig. 5B and table S3).
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Fig. 5. Imaging of pH-induced membrane permeabilization. (A) Tuning
AGhydrophobic Dy mutagenesis to alter the pH sensitivity of pRO-2; (left)
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0.1

CD-monitored denaturation experiments showed
that A54M increases stability and 156V decreases
stability, as expected (fig. S11). Similar tuning of
the heterodimer design pRO-4 with the desta-
bilizing mutations L23A/V130A increased the
disassembly transition pH from 4 to 5. (Fig. 1F).

To characterize the physical interactions be-
tween protein and membranes and the mecha-
nism of membrane disruption, purified proteins
were chemically conjugated to gold nanoparticles
and visualized by cryo-electron microscopy and
tomography. Design pRO-2 I56V, which has a
higher transition pH (Fig. 5A), also has increased
liposome permeabilization activity (Fig. 5B); it
directly interacts with liposomes at pH 5 but

not at pH 8, whereas the non-pH-responsive

+36GFP-pRO

@156V -
® pRO-2

pRO-2

time (s) 1000

pH 8.0

pRO-2 156V

pRO-2-noHis

+36GFP-pRO-2-NoHis
pH 5.0

Mander’s Coefficient =1

design pRO-2-noHis shows no interactions with
liposomes at either pH (Fig. 5C and fig. S12). We
observed widespread membrane deformation
and disruption of the lipid bilayer with design
pRO-2 156V and pRO-2 at pH 5, along with
association of protein-conjugated gold nano-
particles to liposomes (Fig. 5C and fig. S12). At
either pH for pRO-2-noHis, and at pH 8 for pRO-2
156V, there were no signs of membrane defor-
mation or disruption, and protein-conjugated
gold nanoparticles were well dispersed and did
not associate to the membrane (Fig. 5, C and D,
and fig. S12). At pH 5, design pRO-2 156V caused
substantial deformation of the liposomal mem-
brane and induced the formation of tight ex-
tended interfaces between liposomes; density at

Lysosome Composite

e G

Yellow/Blue Ratio
N

1.2
1.0 o
. . N
I S
E o TP

protein—conjugated gold nanoparticles were well dispersed. Scale bars, 100 nm.
(D) Electron tomography of +36 GFP fusions to pRO-2 and pRO-2-noHis

theoretical curves (from eq. S2) for pRO-2, 156V, and A54M; (right)
native mass spectrometry of pRO-2 compared with 156V and A54M
mutants. The transition pH is shifted as predicted without substantially
affecting cooperativity; data are fit to eq. S3 as in Fig. 3. (B) pRO-2 156V
has increased membrane permeabilization activity (assay as in Fig. 4).
(C) Cryo—electron microscopy using purified proteins conjugated to
gold nanoparticles: design pRO-2 156V interacts directly with liposomes
at pH 5, but not at pH 8, whereas pRO-2-noHis does not interact with
liposomes at either pH. At low pH, design pRO-2 156V deforms liposomes
and induces the formation of tight extended interfaces between liposomes
(white arrow in top middle panel; density between membranes is likely
pRO-2 156V). In all control conditions, liposomes were unperturbed and free
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at pH 5 or 8. (E) Fluorescence imaging of +36 GFP fusions to designs
pRO-2, pRO-2 156V, and pRO-2-noHis and composite correlation with
lysosome membrane staining in U2-0S cells. pRO-2 156V, but not
pRO-2-noHis, is clearly localized within lysosomes; the pRO-2-noHis
staining is likely from protease-resistant aggregates. (F) Mander's
colocalization coefficients representing the fraction +36 GFP fusion
proteins that colocalize with lysosomal membrane. (G) Ratios of yellow
emission and blue emission on U2-0S loaded with LysoSensor Yellow—Blue
DND-160 after 1 hour of incubation of pRO-2 (5 uM), pRO-2 156V (5 uM),
pRO-2-noHis (5 uM), bafilomycin A (Baf A; 1 uM), chloroquine (50 uM), and
medium (normal). The lower the ratio, the higher the lysosome pH; pRO-2 156V
increases the lysosomal pH more than the small-molecule drugs do.
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these interfaces likely corresponds to the designed
protein (Fig. 5C and fig. S12).

In the low-pH environment of the mamma-
lian cell endocytic pathway, internalized pro-
teins are either recycled back to the cell surface
or destined for degradation by fusion with lyso-
somes, where the lower pH activates hydrolytic
enzymes (33). To test their behavior in the endo-
cytic pathway, we expressed the pRO-2 trimers
as fusions to +36 GFP (green fluorescent protein)
(34, 35) to facilitate both fluorescent imaging and
endocytosis. After incubation with U2-OS cells,
purified GFP fusions of pRO-2 and 156V are in-
ternalized and colocalize with lysosomal mem-
branes, whereas a GFP fusion to pRO-2-noHis is
not colocalized (Fig. 5, E and F). 156V, which is the
most pH-sensitive and membrane-active design
in this study (Fig. 5, A to C), is the most strongly
colocalized with the lysosomal membrane (Fig.
5F). We hypothesize that all three proteins are
endocytosed and traffic to the lysosome, but once
there, pRO-2-noHis is degraded whereas pRO-2
and I56V remain intact because, after disassembly
in the low-pH environment of the endosome and
lysosome, the latter two proteins insert into mem-
branes, cause proton leakage, and increase the
lysosomal pH, reducing activation of lysosomal
proteases. To test this hypothesis, we incu-
bated U2-0OS cells loaded with dye to track pH
(LysoSensor Yellow-Blue DND-160) for 1 hour
with pRO-2 (5 uM), pRO-2 156V (5 uM), or pRO-
2-noHis (5 uM); pRO-2 156V was found to raise
the lysosomal pH compared with pRO-2-noHis
and untreated cell controls (Fig. 5G and fig. S12).
Design pRO-2 produced larger changes in lyso-
somal pH than bafilomycin A and chloroquine, two
drugs known to neutralize lysosomal pH (Fig. 5G).

Conclusions

Cooperativity and allostery are hallmarks of
the regulation of protein activity. The Monod-
Wyman-Changeux model (36), proposed more
than 50 years ago, explained the high coopera-
tivity that allows proteins to substantially alter
function in response to small changes in the
environment by postulating that in a homo-
oligomeric conformational transition, the mono-
mers in the dominant populated states all have
the same conformation (i.e., there are no mixed
conformer states). It has not been clear how
much evolutionary fine-tuning was required to
achieve this high cooperativity and the result-
ing environmental sensitivity, and whether such
high cooperativity could be achieved in a com-
pletely de novo-designed system. We show that
high cooperativity can indeed be achieved in a
designed system: The loss of trimer pRO-2 over a
very narrow pH range (Fig. 3D) is as cooperative
as pH-induced conformational changes in natural
protein systems. Because of the modularity of the
design concept, and in contrast to naturally oc-
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curring pH switches, the set point and coopera-
tivity of the conformational change can be
systematically tuned.

The liposome-permeabilizing activity of the de-
signs makes them attractive starting points for
approaching the challenge of delivery of biologics
into the cytoplasm through endosomal escape.
Delivery methods relying on cell-penetrating
peptides, supercharged proteins, and lipid-fusing
chemical reagents can be toxic because of non-
specific interactions with many types of mem-
branes in a pH-independent manner (34, 37, 38).
Viral vectors achieve intracellular delivery through
membrane-active proteins, many of which are
activated by the lower-pH environment of the
endosome, but can be complicated by preexist-
ing immunity and difficulties in reprogramming.
A designed protein-only system capable of pH-
induced endosomal escape could rival the deliv-
ery efficiency of viruses without the inherent
disadvantages.
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the disassembled monomers disrupted lipid membranes and escaped from the endosomes.
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