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The most highly charged phospholipids, polyphosphoinositides, are often involved in signaling pathways that originate at cell-
cell and cell- matrix contacts, and different isomers of polyphosphoinositides have distinct biological functions that cannot be
explained by separate highly specific protein ligand binding sites [Lemmon, Nature Reviews Molecular and Cell Biology, 2008, 9
99-111]. PtdIns(3,5)P; is a low abundance phosphoinositide localized to cytoplasmic-facing membrane surfaces, with relatively
few known ligands, yet PtdIns(3,5)P; plays a key role in controlling membrane trafficking events and cellular stress responses that
cannot be duplicated by other phosphoinositides [Dove et al., Nature, 1997, 390, 187-192; Michell, FEBS Journal, 2013, 280,
6281-6294]. Here we show that PtdIns(3,5)P; is structurally distinct from PtdIns(4,5)P; and other more common phospholipids,
with unique physical chemistry. Using multiscale molecular dynamics techniques on the quantum level, single molecule, and
in bilayer settings, we found that the negative charge of PtdIns(3,5)P, is spread over a larger area, compared to PtdIns(4,5)P5,
leading to a decreased ability to bind divalent ions. Additionally, our results match well with experimental data characterizing the
cluster forming potential of these isomers in the presence of Ca>* [Wang et al., Journal of the American Chemical Society, 2012,
134, 3387-3395; van den Bogaart et al., Nature, 2011, 479, 552-555]. Our results demonstrate that the different cellular roles
of PtdIns(4,5)P; and PtdIns(3,5)P; in vivo are not simply determined by their localization by enzymes that produce or degrade
them, but also by their molecular size, ability to chelate ions, and the partial dehydration of those ions, which might affect the

ability of PtdIns(3,5)P, and PtdIns(4,5)P> to form phosphoinositide-rich clusters in vitro and in vivo.

1 Introduction

Polyphosphoinositides (PPIs) are a group of phospholipids
present in eukaryotes that act as signaling molecules for a
range of essential cellular processes. Defects in the syn-
thesis, degradation, or localization of PPIs have been impli-
cated in the acquisition of metastatic cell phenotypes, neu-
rodegeneration, and other pathologies. Reversible phospho-
rylation of the hydroxyls on the inositol ring give rise to a
family of PPIs, of which PtdIns(4,5)P, is the most common,
that are distributed mainly on the cytoplasm-facing surfaces
of membranes throughout the cell. Despite an abundance
of less than 0.1% of all phosphoinositides, alterations in the
synthesis of PtdIns(3,5)P,, but not its more abundant isomer
PtdIns(4,5)P,, are associated with Charcot-Marie-Tooth dis-
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ease, amyotrophic lateral sclerosis, and primary lateral sclero-
sis. Positioning of the phosphate groups on the inositol ring
of PPIs appears to confer unique chemistry to each phospho-
inositide that results in specific biological function.

The synthesis of PtdIns(3,5)P, and PtdIns(4,5)P, is cat-
alyzed by different lipid metabolism pathways mediated by
different enzymes. PtdIns(3,5)P, is generated exclusively
from PtdIns(3)P via the zinc finger kinase PIKfyve in hu-
mans and rapidly dephosphorylated by an inositol polyphos-
phate 5-phosphatase to PtdIns(3)P or by myotubularin-related
phosphatases to yield PtdIns(5)P!. In contrast, PtdIns(4,5)P»
can be created from PtdIns(4)P, PtdIns(5)P, or PtdIns(3,4,5)P3
through kinases that use either the 4 or 5-hydroxyl as a
substrate or a phosphatase that removes the 3-phosphate of
PtdIns(3,4,5)P32. Synthesis and turnover of these lipids is
tightly controlled; although most eukaryotic cells produce
only a very small amount of PtdIns(3,5)P,, during hyper-
osmotic stress the concentration of PtdIns(3,5)P; increases
twenty fold over a period of fifteen minutes with a concomi-
tant drop in the level of PtdIns(3)P3=>. Whether PtdIns(3,5)P,
is simply a read out for cellular stress or if its synthesis leads
to changes in cellular membrane compartments is not known.

It is generally thought that the subcellular distribution of
PtdIns(3,5)P, and PtdIns(4,5)P, is highly inhomogeneous
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and organelle specific, with PtdIns(4,5)P, primarily en-
riched on the cytoplasmic side of the plasma membrane and
PtdIns(3,5)P, predominantly found in endosomal membranes
and multivesicular bodies. It is experimentally very difficult
to track the spatiotemporal dynamics of PtdIns(3,5)P, and
PtdIns(4,5)P, in vivo because PPI sensors, including effec-
tor domains that have been identified as binding to PPIs in
vitro, are only available and reliable for a few cases. Moreover,
when such effectors are used to report the activity of PPIs in
the cell, the question of whether effectors are recruited to the
site of PPIs or if an excess of effectors can lead to produc-
tion or localization of PPIs in a specific region is unanswered.
PtdIns(3,5)P, and PtdIns(4,5)P; are responsible for orches-
trating different cellular events, and it is unclear how spe-
cific protein effectors are targeted to very small quantities of
PtdIns(3,5)P, or PtdIns(4,5)P,. Failure to distinguish between
polyphosphoinositide isomers has generally led to opposing
observations and conflicting reports in intracellular traffick-
ing. Recognizing the importance of the differences in isomers
continues to lead to the discovery of new trafficking mech-
anisms, as evidenced by the recent discovery of a clathrin-
independent pathway for endocytosis regulated specifically by
PtdIns(3,4)P,°.

Either in simple systems in vitro or in the physiolog-
ical environment of the cell, it is very difficult to iso-
late the effects of membrane crowding, electrostatic inter-
actions, pH, and varying ionic conditions. Our results are
able to address these aspects of PPI structure and function
through molecular dynamics (MD) simulations of isolated
PtdIns(3,5)P, and PtdIns(4,5)P, molecules and bilayers con-
taining PtdIns(3,5)P, and PtdIns(4,5)P,. In this paper, we
show that PtdIns(4,5)P, is a dynamic molecule, changing
the orientation and size of its head group in response to ion
fluxes, in addition to known changes of its protonation state,
which leads to dehydration of the membrane interface where
it is present. These features of PtdIns(4,5)P, make it a good
candidate to participate in the formation of endocytic pits
and clathrin-coated vesicles where the membrane is highly
curved and there is attachment to the cytoskeleton’. In con-
trast, PtdIns(3,5)P, is much larger, does not distinguish sig-
nificantly between divalent cations, and has no known stere-
ospecific adapter proteins that bind it but not PtdIns(4,5)P;.
Under hyperosmotic stress, there is increased production of
PtdIns(3,5)P; in the trans-Golgi network, leading to enlarge-
ment of multivesicular bodies (and vacuoles in yeast), which
based on our studies, could depend on the large size and
distributed negative charge of PtdIns(3,5)P, which alter the
membrane potential and likely increase the stiffness through
the accumulation of an electrical double layer around these
vesicles.

It is intriguing that our results show a reversal in preference
for Ca”* versus Mg?" binding between PtdIns(4,5)P,, which

we predict to prefer Ca®*, and PtdIns(3,5)P,, which we pre-
dict to prefer Mg?*. Such a change in preference can have
significant implications for how PPIs are able to differentially
recruit binding proteins depending on the relative abundance
of Ca®" versus Mg”" in a specific cell at a given instant of
time.

2 Results and discussion

2.1 PtdIns(3,5)P; adopts a different structural geometry
than PtdIns(4,5)P;

Figure 1 shows the structural differences between two PPI
isomers, PtdIns(3,5)P, and PtdIns(4,5)P,, computed using
electronic structure calculations and hybrid quantum mechan-
ics/molecular mechanics (QM/MM) simulations of a single
PPI isomer in a water sphere with counterions (Figure 1 in
ESI"). The head group of PtdIns(3,5)P, has a much larger
extent, compared to PtdIns(4,5)P,, as judged by the spread
of the inositol phosphate oxygens. A fundamental feature
of PtdIns(3,5)P; is its large size; at 95 A% it is significantly
larger than other phospholipids in the cell. The angle the
head group makes with the acyl chains (head-tail angle) is
affected by monovalent and divalent ions. The addition of
Ca®™ or Mg?* to either isomer tends to increase the head-
tail angle, causing the phospholipid head group to extend
away from the plane of the bilayer. Notably, Ca’>" has a
much stronger effect on PtdIns(4,5)P, than on PtdIns(3,5)P,
likely owing to its tight coordination between the two vicinal
phosphate groups of PtdIns(4,5)P, that does not occur with
PtdIns(3,5)P>. The inability of PtdIns(3,5)P, to chelate diva-
lent cations as well leads to repulsion between the like-charged
phosphomonoester groups, giving rise to its large spread area.
K™ increases the head- tail angle slightly more than Na™t and
the head-tail distribution angle distribution of PtdIns(4,5)P;
with Na™ is best fit by the sum of two Gaussian distributions
(Figure 2 in ESI"). The structure of PtdIns(4,5)P, is more
variable than PtdIns(3,5)P,, becoming more compact laterally
and extended vertically, in response to Ca>*. Other lipids that
also bind Ca”*, such as phosphatidylserine, do not alter their

structure in this manner’.

2.2 PtdIns(3,5)P, prefers to be protonated on the 5-
phosphate group

Although most lipids in the cell are zwitterionic or neutral,
some are highly anionic. A large negative charge density on
such lipids is associated with their ability to bind proteins
with a specific arrangement of basic residues and, in the ab-
sence of neutralizing proteins, sets up a cloud of counteri-
ons in the adjacent cytosol. In the case of PtdIns(3,5)P; and
PtdIns(4,5)P, we set out to establish the distribution of nega-
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Fig. 1 The molecular area and the angle formed between the head group of PtdIns(3,5)P, or PtdIns(4,5)P;, with the acyl chains. a, A
comparison of the molecular area of a single molecule of PtdIns(3,5)P, or PtdIns(4,5)P; in the presence of neutralizing Na™. b, The
distribution of head-tail angle for PtdIns(3,5)P, or PtdIns(4,5)P; in the presence of monovalent and divalent cations. The distributions can be
characterized by a single Gaussian curve in most cases; 180° corresponds to the head group extending parallel to the acyl chains and 90°
corresponds to the head group being normal to the acyl chains (i.e., lying flat along a hypothetical bilayer). Bars represent the 25th and 75th
percentiles of the distributions and dashes mark the range of the distributions. c, The effect of monovalent and divalent cations on the
molecular area of PtdIns(3,5)P; or PtdIns(4,5)P,. Divalent ions strongly affect the molecular area of PtdIns(4,5)P; but not PtdIns(3,5)P;.

Bars represent the standard deviation of the distributions.

tive charge on head groups of PtdIns(3,5)P, and PtdIns(4,5)P,
to determine the protonation state and separation of their phos-
phate groups. Umbrella sampling was used to determine the
potential of mean force (PMF) for protonation at either the 3
or the 5-phosphate group on the inositol ring, maintaining a
net molecular charge of —4 for PtdIns(3,5)P,%. Protonation
of the 3-phosphate group is 4 kcal/mol less stable than proto-
nation of the 5-phosphate group, and about 10 kcal/mol less
stable than two protons shared between the 3-phosphate, 4-
hydroxyl, and 5-phosphate (Figure 2a-c). This intermediate
form of proton sharing is consistent with NMR reports of the
the 3-phosphate and 5-phosphate carrying charges of —1.52
and —1.73, respectively®. Although the final state is a rel-
atively stable configuration that will not relax to the starting
configuration after constraints are released, it is not the pre-
ferred geometry for PtdIns(3,5)P; (Figure 2c, inset). The pre-
ferred geometry for PtdIns(3,5)P; is a twist chair form of the
inositol sugar ring, as the 2-hydroxyl group is pulled out of
its axial plane towards the 3-phosphate ester oxygen (Figure
3 in ESI") that is not seen with PtdIns(4,5)P; or in biological
crystal structures with inositol.

Protonation of the 4-phosphate over the S5-phosphate of
PtdIns(4,5)P, is less favorable by 20 kcal/mol (Figure 2d-
f). The final structure of this calculation shows protonation
of an ester oxygen that is not stable when constraints are
released, but total proton dissociation from the 5-phosphate
of PtdIns(4,5)P; can be achieved with additional constraints,
generating a hydronium ion and increasing the charge of the
phospholipid to -5°. The charge of PtdIns(4,5)P, directly
modulates its ability to form clusters in numerical simulations,

and in experiments, the pH of the fluid buffer in contact with
the membrane acts in the same way®!?. Other lipids, such as
phosphatidic acid, have been proposed to alter their binding to
cellular effectors based on pH near the plasma membrane ' !2.
The charge of PtdIns(4,5)P, is likely modulated by the pH and
ionic environment at the plasma membrane resulting from in-
tracellular ion fluxes, mediating its ability to form hydrogen
bonds with other PPIs or bind to proteins containing effec-
tor modules. The charge of PtdIns(3,5)P; is more evenly dis-
tributed across its head group and it cannot be coordinated as
specifically by proteins that contain PPI- binding domains.

2.3 PtdIns(3,5)P; reacts to divalent cations less strongly
than PtdIns(4,5)P,

Cytoplasmic divalent cations, such as magnesium (Mg>") and
calcium (Ca?*), are capable of reducing the molecular area of
both PtdIns(3,5)P; and PtdIns(4,5)P, principally by decreas-
ing the distance between their respective phosphomonoester
groups. Ca®* binds tightly to PtdIns(4,5)P, with a dissoci-
ation constant on the order of 4.6 uM and generally outcom-
petes Mg?* when present at the same concentration '3,

In simulations where divalent ions are free to interact with
a single phosphoinositide (see Figure 1 for system setup in
ESI™), Ca®* prefers to bind closer to PtdIns(3,5)P, than Mg+
(Figure 3a) and the PMF for PtdIns(3,5)P; binding to Ca’t
and Mg?" has been calculated using umbrella sampling '*
(Figure 3b-d). Both divalent ions localize to the 3-phosphate,
which carries a more negative charge density, and the PMF
curves follow a similar trend. Notably, Mg 2t which is more
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Fig. 2 The free energy for removing a proton from the 5-phosphate group of PtdIns(3,5)P; or PtdIns(4,5)P,. a, A stable initial configuration
to test for protonation on the 3 (P3) and 5-phosphate (P5) of PtdIns(3,5)P;. The umbrella sampling (US) reaction coordinate is marked by the
blue arrow. b, The final configuration of US resulting in a proton moving from the 5-phosphate to the 4 hydroxyl and a proton moving from
the 4 hydroxyl to the 3-phosphate. Surrounding waters are not shown for clarity. ¢, The potential of mean force (PMF) from state a to state b.
d, A stable initial configuration to test for protonation on the 4 (P4) and 5-phosphate (P5) groups of PtdIns(4,5)P, after an ab initio electronic
structure optimization, and e, the final configuration of US. f, The PMF corresponding to proton dissociation from the 5-phosphate group of
PtdIns(4,5)P, and binding to the 4-phosphate ester oxygen. The blue line segments with an arrowhead show the direction of pulling and initial
reaction coordinate; the blue line segments (no arrowhead) show the final reaction coordinate distance.
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difficult to dehydrate despite its smaller hydration shell even in
classical force fields, is strongly disfavored from binding be-
tween the 3 and 5-phosphate groups (Figure 3c). Ca* bind-
ing to both PtdIns(3,5)P, and PtdIns(4,5)P; is favorable; it is
almost an order of magnitude more favorable binding to the
latter owing to the stripping of an additional water from the
Ca”* solvation shell (Figure 3d). These data suggest that the
binding of Ca?* might act as a switch that regulates a transi-
tion between two structural forms of PtdIns(4,5)P,; one form
may be found distributed throughout the plasma membrane
and constitutively bound to proteins, such as those that con-
tain a phosphoinositide-specific PH domain and bind with um
to mM affinity !>-16, and the other form localized to specific re-
gions of high curvature, such as during exocytosis, mediating
Ca’*-triggered secretion of vesicles”!7.

In bulk water, Ca>* and Mg?™ are both solvated by a little
more than six waters on average, although the solvation radius
around Mg>* is 2.28 A compared to 2.60 A for Ca®* (Figure
3e, refer to Methods section). When bound to PtdIns(3,5)P;,
a phosphate oxygen atom replaces one water oxygen (Figure
3f-g). When Ca”* and Mg?" bind to PtdIns(4,5)P>, Ca’* is
much more strongly bound, and two phosphate oxygen atoms
replace two water oxygens in the solvent shell (Figure 3h).
In this case, the electrostatic attraction is so great that even
stripping the first water from the hydration shell around 6 A is
not significantly unfavorable.

2.4 PtdIns(3,5)P, alters bilayer properties distinctly
from PtdIns(4,5)P,

The increased area and decreased charge density of
PtdIns(3,5)P, affect the properties of a phospholipid bilayer
in unique ways. In a bilayer simulations with other phospho-
lipids, as shown in single molecule simulations, the molec-
ular area of PtdIns(3,5)P, with either Ca’>* or Mg”" is ex-
tremely large, whereas the molecular area of PtdIns(4,5)P>
with these ions is significantly smaller. Simulating these lipids
in a bilayer context (Figure 4a) reveals a subpopulation of
PtdIns(4,5)P, with bound Mg?* that is smaller than expected
from single molecule simulations. As the PMF for Mg+
binding to PtdIns(4,5)P, contains a broad minimum between
3 and 9 A, there may be several stable configurations of the
head group.

The distance between the divalent cations and the plane of
the membrane, judged here as the plane containing the phos-
phodiester phosphorus atom of the lipids, can be computed
directly. In contrast to the other ion and lipid combinations,
there is a significant proportion of Ca®* counterions bound
within 4 A of the phosphodiester group of PtdIns(4,5)P> and
more Ca”* binds to either phosphomonoester group (i.e., 8
to 12A from the phosphodiester) of PtdIns(4,5)P, (Figure
4b) than either ion binds to PtdIns(3,5)P, or Mngr binding

to PtdIns(4,5)P,. The hydration shells for Ca?* and Mg?*
in the bilayer system (using the same force field) reveal a
more complicated dynamic than the single molecule simula-
tions (Figure 4d). Unlike the single molecule systems, where
Mg?* and Ca®" had distinct hydrated radii, Ca®>* binding
to PtdIns(3,5)P in a bilayer showed an additional, dominant
peak at the Mgt hydrated radius. These data are consistent
with the PMF in Figure 3b that shows Ca?" and Mg?" may
be almost indistinguishable to PtdIns(3,5)P, yet very differ-
ent to PtdIns(4,5)P,. The increase in molecular area between
PtdIns(3,5)P; and PtdIns(4,5)P; as well as the difference in
ion dehydration is not accompanied by a difference in head-
tail angle (Figure 4e).

Packing in the membrane, and attractive intermolecular hy-
drogen bonding between lipids, affects the availability of the
3, 4, and 5-phosphate groups to interact with mobile coun-
terions. Snapshots of the simulations reveal several binding
sites for the divalent ions (Figure 4 in ESI"), such as bridging
two phospholipids via their phosphodiester groups or bind-
ing exclusively to a single PtdIns(4,5)P, in a pair. Clusters
containing a high percentage of PtdIns(4,5)P, have been im-
aged in PC12 cells'®; the unique interaction between Ca’*
and PtdIns(4,5)P, could explain how the concentration of
PtdIns(4,5)P; increases to hundreds of times its bulk value
in those regions without requiring localized production or de-
creased phosphatase activity. The two PPI isomers have sim-
ilar affinities for Ca2+, but as seen in Figure 4f, different ca-
pacities to form nanoscale clusters. Ca>* and Mg?™ are able
to induce cluster formation in Langmuir monolayers contain-
ing PPIs. Whereas the clusters formed in the presence of 1 um
Ca?t are larger and more round, the clusters formed by 2 mM
Mg?* are smaller with irregular boundaries'®. The clusters
formed by the addition of 1 uM Ca>* to 25% PtdIns(4,5)P; are
80 nm in diameter and match observations of PtdIns(4,5)P,
clusters in the cell using other methods %20, In contrast, clus-
ters formed by the addition of Ca?" to 25% PtdIns(3,5)P; are
smaller, with more diverse shapes, and more similar to clusters
formed with Mg?". That simulations reveal similar binding
energies for Ca>* and Mg?* to PtdIns(3,5)P, and very differ-
ent binding energies for PtdIns(4,5)P, supports these observa-
tions.

3 Conclusions

In addition to its important role in human neurode-
velopment, the proper amount and sub-cellular localiza-
tion of PtdIns(3,5)P, is essential for membrane trafficking
events 2122, In this paper, we show that the chemical structure
of PtdIns(3,5)P, lends it distinct physical properties from the
more common polyphosphoinositide isomer, PtdIns(4,5)P5,
and these effects are manifest in membranes that contain
PtdIns(3,5)P,. Specifically, PtdIns(3,5)P, has a more dif-
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fuse negative charge distributed across its head group, is much
larger, binds less tightly to divalent ions, and has a lower po-
tential to form clusters in mixed membranes.

Several proteins bind to both divalent ions and PPIs with
dissociation constants in the range of uM to mM, such as
synaptotagmin-1, the main effector protein for neural exo-
cytosis23; gelsolin, a protein that binds to actin and couples
the cytoskeleton to the plasma membrane*; and phospholi-
pase C, the enzyme responsible for cleaving PtdIns(4,5)P, and
PtdIns(3,5)P; leading to the generation of second messengers
and regulation of myriad cell processes >>%. Proteins that con-
tain a C2 domain, such as protein kinase C, use PtdIns(4,5)P;
and Ca’" cooperatively to coordinate association of the pro-
tein with the plasma membrane?. The two C2 domains of
rabphilin-3A differ in their affinity for Ca>* and reports have
noted that Ca®* increases the affinity of such domains for
PtdIns(4,5)P, as well27-28. There is little structural difference
between the C2 domain of protein kinase C alpha crystallized
with and without both phosphatidylserine and Ca”", suggest-
ing that counterion-induced protein-reorganization is not re-
sponsible for the increased affinity of charged lipids in the
presence of divalent ions (Figure 5 in ESI"). Moreover, two
Ca?* jons mediate the interaction of phosphatidylserine with
seven amino acids in the protein, so this effect seems distinct
from simple charge neutralization. These data show that diva-
lent ions have the ability to mediate the interactions between

PPIs and their protein binding partners in biological systems.

It has been known for almost two decades that sub-mMm
levels of Ca?" can alter the morphology of mixed vesi-
cles containing phosphatidylcholine and PtdIns(4,5)P>%°. A
more recent study has characterized the differential effects
of Ca?* and Mg?" on the two phosphomonoester groups of
PtdIns(4,5)P,, highlighting that Ca®* has a stronger effect on
either phosphomonoester group compared to Mg?+3%. Our
results describe the mechanism through which divalent ions
exert their effects on PPIs, the difference between Ca2" and
Mg?*, and why PtdIns(4,5)P, is more strongly affected by
Ca’* than PtdIns(3,5)P,. We show that the absence of vic-
inal phosphates confers unique chemistry to PtdIns(3,5)P;,
providing evidence for why proteins that stereospecifically
bind PtdIns(4,5)P, do not recognize PtdIns(3,5)P> as well,
and suggest the biological role of PtdIns(3,5)P, might be ex-
erted through changes in the physical properties of membranes
rather than specific binding.

4 Methods

Single molecule MD simulations were carried out in the Num-
ber, Volume, Temperature (NVT) ensemble using Langevin
dynamics at 300 K with the CHARMM C36 force field for
lipids 31-3% and the CHARMM program 3*3>. The single PPI iso-
mer was centered in a TIP3P water sphere approximately 40
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Fig. 4 The molecular area and ion binding characteristics of PtdIns(3,5)P; or PtdIns(4,5)P, when embedded in a membrane system in silico
or a monolayer in vitro. a, A schematic of the bilayer simulation system showing the various lipid components. b, The distribution of
molecular areas for PtdIns(3,5)P, and PtdIns(4,5)P, with divalent ions in a bilayer containing other neutral lipids (upper leaflet: 75% PtdCho,
25% cholesterol; lower leaflet: 50% PtdEtn, 25% cholesterol, 15% PtdSer, 10% PtdIns(4,5)P; or PtdIns(3,5)P;). ¢, The distribution of
distances between the divalent ions and the lipids. d, The hydration shell of Ca2t and Mg2* in the bilayer simulations. e, The angle made
between the head group of PPI isomers and the acyl chains. f, Experimental cluster formation in monolayers containing PtdIns(3,5)P; or
PtdIns(4,5)P; in the presence of Ca2t.
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A in diameter (Figure 1 in ESI"). The waters on the edge were
held fixed to prevent the sphere from expanding during the
course of the simulation. Na™, Ca®*, or Mg?* were added to
neutralize the —4 charge of the singly protonated PPI; to inves-
tigate lipid-ion binding, a single ion was permitted to interact
with a single lipid. Head-tail angle was assessed using atoms
C2, P, C4 for residue type SAPI with appropriate patches in
the C36 force field. Molecular area was computed by track-
ing the maximum distance between the six phosphomonoester
oxygen atoms and squaring the result to generate the smallest
two-dimensional box that a given lipid could occupy.

The PMFs in Figure 2 were completed using hybrid
QM/MM MD simulations. The system was split into two
quantum regions: QM1, containing only phospholipid atoms,
and QM2, containing water and ions (if present). Two sin-
gle link atoms connect the QM regions to classical regions,
as described in Slochower et al.®. The first link atom was
placed between the third and fourth carbon of the inosi-
tol ring for PtdIns(4,5)P, or between the second and third
carbon of the inositol ring for PtdIns(3,5)P,, the second
link atom was placed between the fifth and sixth carbon of
the inositol ring for either PPI. QM2 typically contains the
five or six closest interacting waters and a divalent ion (if
present). We performed these calculations using a combina-
tion of GAMESS-UK3® and CHARMM. Both QM regions (36-
40 atoms) were treated with density functional theory (DFT)
using the hybrid functional B3LYP/6-31G; this basis set was
shown to be sufficient for treating PtdIns(4,5)P,-ion interac-
tions in our previous work Slochower et al. ®.

In the QM/MM simulations, we performed the usual energy
minimization (5000 steepest descent followed by 5000 steps
of adopted basis Newton-Raphson) and constant temperature
equilibration using Langevin dynamics at 300 K using a piston
frequency of 10 ps~! before standard procedures for pure MM
systems using a 1fs time step of integration. The QM/MM
simulations were run for a total of 5 or 10 ps. To compare the
protonation states of the inositol phosphate groups of the two
PPI isomers, the ions added to neutralize the negative charge
of the isomers were kept fixed to prevent undesired interac-
tions during umbrella sampling.

The PMFs in Figure 2 were calculated using a reaction co-
ordinate biasing the hydrogen atom from one or more phos-
phomonoester oxygen atoms. The PMFs were computed from
a series of US windows spaced 0.2 A or closer, with addi-
tional sampling windows added as needed to ensure overlap.
Initial coordinates for each US window were taken from short
equilibration simulations at the target distance. The US sim-
ulations were analyzed with the weighted histogram analy-
sis method '*. The PMFs in Figure 3 were completed using
classical all-atom MD simulations. The same water sphere,
umbrella sampling window spacing, and analysis methods de-
scribed for the QM/MM calculations were employed. These

PMFs used a reaction coordinate biasing the divalent metal
ion from the oxygen atom it was found to bind in unbiased
simulations on the 3 or 4-phosphate group of PtdIns(3,5)P; or
PtdIns(4,5)P,, respectively.

The simulations in Figure 4 were carried out using the
CHARMM C36 force field for lipids incorporating a pre-
patched version of PtdIns(4,5)P, and PtdIns(3,5)P; in the
Gromacs 4.5 program>’. Phospholipids and cholesterol were
randomly distributed on a grid (400 total lipids and choles-
terol molecules per monolayer; 800 total lipids and choles-
terol molecules per system) and equilibrated for 20 ns be-
fore analysis of the production runs. The Number, Pressure,
Temperature (NPT) ensemble was used with cubic periodic
boundary conditions, real space electrostatics cut off at 12
A and a smooth switching distance of 10 A, particle mesh
Ewald (PME) summation grid spacing of 1 A, non-bonded
interaction pair list distance of 13.5 A, MD time step of 2.0
fs, temperature control by Langevin dynamics at 310 K with
a damping coefficient of 5ps~!, and pressure coupling using
the semi- isotropic Parinello-Rahman algorithm with a 2.0 ps
time constant, reference pressure of 1.0 bar, and compressibil-
ity of 4.5 x 107> bar’!. Total simulation time per system was
approximately 100 ns.

Supported lipid monolayers containing 75% 1-stearoyl-
2-oleoyl- phosphatidylcholine and 25% 1,2-dioleoyl-
PtdIns(3,5)P> or 1,2-dioleoyl-PtdIns(4,5)P, were prepared
by transferring monolayers compressed to 20 mN/m on
a buffered subphase of 10 mM HEPES, 1um EDTA and
5 mM DTT, pH 7.4 with or without addition of divalent
cations, from a Langmuir trough (Kibron, Inc. Helsinki FI)
onto glass coverslips using the Langmuir-Schaeffer method.
AFM images of air-dried supported lipid monolayers were
made using tapping mode AFM (Digital Instruments, Santa
Barbara, CA) and processed by Nanoscope(R) IIla software
(v. 5.12; Digital Instruments) as previously described !3.
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