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Abstract

Fibroblast growth factor 1 (FGF1), a ubiquitously expressed proangiogenic protein that is involved
in tissue repair, carcinogenesis and maintenance of vasculature stability, is released from the cells
via a stress-dependent nonclassical secretory pathway. FGF1 secretion is the result of
transmembrane translocation of this protein. It correlates with FGF1 ability to permeabilize
membranes composed of acidic phospholipids. Similarly to several other nonclassically exported
proteins, FGF1 exhibits p-barrel folding. To assess the role of FGF1 folding in its secretion, we
applied targeted mutagenesis in combination with a complex of biophysical methods and
molecular dynamics studies, followed by artificial membrane permeabilization and stress-induced
release experiments. It has been demonstrated that a mutation of proline 135 located in the C-
terminus of FGFL1 results in: (i) partial unfolding of FGF1, (ii) decrease of FGF1 ability to
permeabilize bilayers composed of phosphatidylserine, and (iii) drastic inhibition of stress-induced
FGF1 export. Thus, FGF1 folding is critical for its nonclassical secretion.

Proteins released through the classical secretion pathway, which involves the endoplasmic
reticulum (ER) and Golgi, usually have in their primary structure a cleavable hydrophobic
signal peptide that determines their translocation to the lumen of the ER (1). However, a
large group of secreted proteins are devoid of signal peptides, and their export does not
depend on the ER-Golgi (2, 3). Among these nonclassically secreted proteins are potent
regulators of cell differentiation, motility, proliferation, viability, and senescence (4, 5).
Although the phenomenon of nonclassical protein secretion has been known for the last two
decades, its exact mechanisms remain elusive. The export of several secreted signal peptide-
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less proteins, such as HMGBL (6), IL1p (7, 8) and tissue transglutaminase (9) is mediated
by non-ER-Golgi vesicular cytoplasmic organelles, which fuse with the cell membrane and
release their contents to the extracellular compartment. In contrast, other nonclassically
secreted proteins, including potent pro-angiogenic regulators fibroblast growth factor (FGF)
1 (10, 11) and FGF2 (12) exhibit diffuse distribution in the cytosol and are exported by
direct translocation through the cell membrane.

Hyperthermia, hypoxia and other stress conditions exist in damaged and inflamed tissues
and stimulate the export of FGF1 in tumors (13-15). We have shown that the stress-
stimulated export of FGF1 is preceded by its translocation to the cell membrane (10). The
export of FGF1 through the cell membrane correlates with the transmembrane translocation
of the acidic phospholipid (PL), phosphatidylserine (PS) (11). Sum frequency generation
vibrational spectroscopy (SFS) of immobilized PL membranes (16) and studies of induced
fluorochrome release from liposomes (17, 18) demonstrated that FGF1 induces the
disorganization of acidic PL membranes. Although several basic amino acids of the C-
terminal domain FGF1 are important for its export (18), structural determinants underlying
the export of FGF1 remain insufficiently studied. The experiments with FGF-DHFR
chimeras inducibly locked in folded conformation demonstrated that unfolding is not
required for the export of either FGF2 (19) or FGF1 (20). The passage of a protein across the
membrane should require the contact with the hydrophobic membrane core. Interestingly,
nonclassically released proteins FGF1, FGF2, and IL1a are characterized by the p-barrel
folding (4), which exposes hydrophobic residues and is found in many membrane proteins
(21, 22). Most of the positively charged amino-acid residues of FGF1 are located in the C-
terminal domain of this protein: in the p-sheets 10 and 11, and in the loops between p-sheets
10 and 11, and 11 and 12. We suggest that the p-barrel structure could be important for
FGF1 export at the steps of membrane binding and/or transmembrane translocation. In this
study, we applied a range of biophysical methods and the all-atom explicit-solvent molecular
dynamics (MD) to further identify the importance of FGF1 folding for its export.

Materials and Methods

DNA constructs

Wild type (WT) a form of human FGF1 cDNA (23) was cloned into pET20b expression
vector (24). FGF1 mutants were generated using Quick Change — |1 site-directed
mutagenesis. All plasmids were subjected to DNA sequencing to verify their correctness.
For expression in mammalian cells, WT and P135G mutant of FGF1 were cloned in pAdlox
vector, as described (25).

Recombinant proteins

E. coli BL-21 pLysS cells were transformed with the respective plasmids. Cells were grown
in LB broth and induced with 1mM IPTG for protein overexpression. Bacterial cells were
harvested by centrifugation at 6000 rpm and subjected to cell lysis using ultra-sonication
procedure with an output of 12 watts and an alternate on/off cycles for 10 seconds each in
lysis buffer (10 mM sodium phosphate buffer; pH 7.2). Post-lysed cell suspension was
centrifuged at 20000 rpm for 30 minutes to separate the clear cell lysate, which was loaded
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onto the pre-equilibrated heparin sepahrose column. Using a step gradient of sodium
chloride concentration in the same buffer, WT and mutant proteins were eluted and further
subjected to concentration and desalting using Millipore centrifugal ultra-concentrators.
Concentration of the purified protein was estimated using spectrophotometry with A280
value.

Molecular dynamics simulation studies

Two solvated systems, one containing WT FGF1 and the other the P135G mutant, were
constructed for all-atom explicit-solvent molecular dynamics simulations. FGF1 coordinates
were from chain A in the 1.1 A crystal structure of FGF1 (26). The N-terminal His tag was
deleted and replaced with a single Met residue that corresponds to Met14 in the FGF1
sequence. Missing non-hydrogen atoms and the missing C-terminal residues Ser, Ser, Asp
were constructed using force field geometries. The REDUCE algorithm (27) was used to add
hydrogen atoms and to optimize the orientation of Asn and GIn sidechain amides and His
sidechain imidazoles. Crystallographic water molecules within 5 A of the protein were
retained, and the protein was centered in a cube of bulk water molecules at experimental
density and with edge length 20 A longer than the FGF1 dimension along its longest
principal axis. Bulk water molecules overlapping the protein were deleted, a random bulk
water molecule was replaced with CI™ to neutralize the system, and additional random water
molecules were replaced with Na* and CI~ ions to yield 140 mM NaCl. Construction of the
mutant followed the same protocol as for the WT FGF1 with the exception of computational
introduction of the P135G mutation prior to solvation. Harmonic restraints were applied to
FGF1 non-hydrogen atom positions, the system was energy minimized, and heated over 40
ps to 310 K. Harmonic restraints were then removed, and a 200 ns MD simulation at 310 K
and 1 atm followed. Simulations employed periodic boundary conditions (28), Langevin
thermostating with a friction coefficient of 0.1 ps~1 (29), Langevin barostating (30), a 10 A
spherical cutoff, an energy-switching function applied to Lennard-Jones interactions
between 8 to 10 A (31), an isotropic correction to the pressure to account for Lennard-Jones
interactions beyond the cutoff (28) and particle-mesh Ewald to account for electrostatic
interactions beyond the cutoff (32). System construction and MD trajectory analysis utilized
the CHARMM program (33), and MD simulation utilized the NAMD program (34). All
simulations used the CHARMM biomolecular force field (35-38) and the TIP3P water
model (39). Each of the two systems was simulated five times, with a different initial
random seeds for each trajectory.

Differential Scanning Calorimetry

Recombinant protein samples of WT FGF1 and mutants at a concentration of 1mg/ml in 10
mM sodium phosphate buffer containing 100 mM NacCl, pH 7.2 was used to determine the
melting temperature (T,) on a Nano 111 DSC instrument (Delaware, USA). Prior to loading,
all samples were subjected to degassing at 25°C for 15 minutes and after loading, the cells
were equilibrated for 10 minutes at the same temperature. DSC was performed in the
presence or absence of 0.5 mM sucrose octasulfate (SOS). To obtain a stable baseline, buffer
blanks experiments were conducted before running the protein scans. Data obtained was
processed using the software provided by the manufacturer to derive the thermodynamic
parameters like Tm, AH and AS.
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Limited Trypsin Digestion

Limited trypsin digestion of FGF1 WT and FGF1 mutants was performed in the absence or
presence of SOS.with the addition of trypsin to protein at a ratio of 1 to 10 in 20mM sodium
phosphate buffer containing 100 mM NaCl; pH 7.2. An initial sample of undigested protein
was removed prior to the addition of the enzyme, and the remaining trypsin-containing
sample was incubated in a water bath at 37°C. Samples were removed every 5 minutes for
the first 20 minutes, and then every 10 minutes until the 60-minute mark was reached. The
reaction was stopped with the addition of 100% trichloroacetic acid. Samples were resolved
on a 15% SDS-PAGE gel and subjected to Coomassie blue staining. Using UN-SacnIT
software (Silk Scientific Inc, Utah, USA), the bands corresponding to FGF1 were scanned
and subjected to densitometry analysis to identify the percent digestion over time of
incubation.

ANS Binding Studies

NMR

To determine the surface hydrophobicity of proteins, we used the sensitive and reliable 8-
anilino-1-naphthalene sulfonic acid (ANS) binding assay, which requires very low
concentrations of the protein sample. All spectra were collected on a Hitachi F-2500
spectrofluorometer with a slit width of 2.5 nm. Recombinant protein samples of WT FGF1
and mutants with a concentration of 50 pM in 10 mM sodium phosphate buffer containing
100 mM NaCl, pH 7.2 were loaded into a quartz cuvette, ANS dye was added at increasing
concentrations. ANS bound protein sample was excited at 380 nm at 25°C. Appropriate
blank corrections were made to account for the effect of dilution. Spectra obtained were
subjected to smoothing function provided by the manufacturer before collecting the values at
520 nm. Relative fluorescence intensity at 520 nm (emission maxima) was plotted against
concentration of ANS.

Bacterial expression host E. coli BL-21 (DE3) cells were grown in M9 minimal medium
containing 1°NH4CI. To achieve maximal expression yield, medium was supplemented with
necessary vitamins. Recombinant overexpressed proteins were subjected to uniform 15N
labeling. Multi-dimensional NMR experiments were carried out at 25°C on a Bruker
Avance-p10mM sodium phosphate buffer pH 7.2 with 10% D0 added prior to acquisition
of data. Spectra obtained were processed on Windows workstation using TopSpin v 2.5 and
Sparky software.

Liposome permeabilization

Phospatidylserine (PS) (Avantl) emulsion containing carboxyfluorescein dye was passed
through the 1um pore extruder to generate liposomes of uniform size as described (18).
Unbound dye was separated from the dye containing liposomes using a size-exclusion
chromatography on Superdex 75 (16/60 mm) column. WT, P25G or P135G FGF1 were
added to liposomes to the concentration of 500 nM. Triton X100 (positive control of
liposome permeabilizaton) was added to the concentration of 0.1%. Unquenching of
fluorescence due to the release of dye from liposomes was quantified on Hitachi F-2500
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spectrofluorometer. The excitation wavelength was at 492 nm with a slit width of 5nm and
emission was monitored at 517 nm with a slit width of 10 nm.

Murine NIH 3T3 cells (ATCC, Manassas, VA) were maintained in DMEM (HyClone,
Logan, UT) supplemented with 10% bovine calf serum (HyClone).

Adenovirus production and transduction

Recombinant FGF1 WT and FGF1 P135G adenoviruses were produced, purified, and titered
as described (25). Briefly, CRES8 cells were transfected with Sfil-digested pAdlox-derived
constructs, and infected with the 5 virus. The lysates were prepared 2 days after infection.
The virus was passed twice through CRES cells, and purified from the second passage using
a cesium density gradient. The virus was quantified by optical density at 260 nm, and the
bioactivity was determined by a plaque-forming unit assay. Adenoviral transduction was
performed in serum-free DMEM with approximately 103 viral particles/cell in the presence
of poly-D-Lysine hydrobromide (Sigma) (5X10% molecules/viral particle) for 2 h at 37°C.
Then the adenovirus-containing medium was removed and replaced with serum-containing
medium. The cells were plated for experiments 24-48 h after transduction.

FGF1 export studies

Results

NIH 3T3 cells were used to study FGF1 release 48 h after adenoviral transduction with
FGF1 WT or P135G. The heat shock-induced FGF1 release assay was performed by
incubation of the cells at 42°C for 110 min in serum-free DMEM containing 5 U/ml of
heparin (Sigma), as previously described (13). Control cultures were incubated at 37°C for
the same period. Conditioned media were collected, briefly centrifuged at 1,000 g to remove
detached cells, and FGF1 was isolated for immunoblot analysis using heparin—Sepharose
chromatography as described (13). Cell viability was assessed by measuring lactate
dehydrogenase (LDH) activity in the medium using the Promega CytoTox kit (Promega,
Madison, WI).

Importance of Proline 135 located in the C-terminal portion of FGFL1 for protein folding

Analysis of the 3D structure of FGF1 based on NMR results from the Kumar laboratory
identified a number of amino acid residues as potential targets of mutagenesis intended to
disrupt the B-barrel structure of these proteins (Figure 1). Particularly, it suggests that
residue P135 located in the B-turn region of FGF-1 between the p-sheets 11 and 12 could be
important for maintenance of the p-trefoil architecture of this protein. In the attempt to
assess the role of FGF1 3D structure in its nonclassical secretion, we attempted to design a
point mutation interfering with FGF1 folding. Single proline/glycine mutants in the
positions 25, 41, 93, 135, 148 and 150 were produced and their folding characteristics were
studied using biophysical methods. Differential scanning calorimetry demonstrated that all
the studied mutations induced a moderate (3—6°C) decrease of the melting temperature of
FGF1 (Table 1). We also used the limited proteolytic digestion to assess the conformational
changes induced by proline mutations. Time-dependent trypsin digestion of FGF1 was
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monitored by SDS-PAGE analysis. The degree of digestion was measured by densitometry
on the basis of the intensity after Coomassie Blue staining of the 17kDa band on the
polyacrylamide gel corresponding to undigested FGF1. Most studied mutations except P93G
resulted in the increase of trypsin susceptibility of FGF1 (Figure 2A). Especially strong was
the effect of P135G indicating that it induced a significant increase of the accessibility of
normally hidden GHG1 domains to trypsin. In a parallel series of experiments, the effect of
proline mutations on FGF1 folding was assessed by fluorometric determination of the
binding of ANS, which is a hydrophobic fluorescent probe detecting the solvent-accessible
non-polar surfaces in proteins (40). While most of proline mutations did not influence ANS
binding, P135G mutation resulted in its significant increase (Figure 2B). Based on the
results of trypsin digestion and ANS binding, we applied NMR to analyze the effect of
P135G mutation on FGF1 structure. The overlay of the 1H-1°N HSQC spectra of WT and
P135G FGF1 forms have shown the perturbation of many residues including those located
more than 5A from the mutation site indicating that this mutation significantly disrupted
protein folding (Figure 3).

Backbone conformation of wild-type and P135G FGF1 are similar

Molecular dynamics simulation time evolution of the root mean squared deviation of atomic
positions relative to the starting crystallographic conformation (RMSD) shows FGF1 to be a
flexible protein for its small size. WT RMSD values for the Ca atoms reach as high as 8 A,
and this was also the case for P135G mutant (Figure 4A). Of note, sampling of
conformations with large RMSD relative to the starting crystallographic conformation is
often transient, with subsequent conformations from the same trajectory being closer to the
crystal conformation. This suggests that the protein as simulated is not denaturing, but rather
is highly flexible. This is confirmed by analysis of the root-mean-squared-fluctuation
(RMSF) in Ca positions. RMSF data for both WT and P135G FGF1 showed that, while the
protein was flexible, this flexibility was limited to the N-terminal and C-terminal residues
(Figure 4B). Starting at the N-terminal Met14, flexibility was very high (RMSF > 10 A) but
rapidly declined such that by residue 25, the RMSF value was less than 1 A. Similarly, until
the C-terminal residues was reached, RMSF values stayed low, consistent with a stable,
folded protein. Only after residue 150 did RMSF values increase substantially, reaching
values greater than 5 A for the terminal residue Asp154. The final snapshots after 200-ns of
MD sampling showed the consistency in the conformations for residues 25 to 150 as
compared to the crystal structure (Figure 5A). In all cases, for both WT and P135G, the
crystallographic barrel structure of this small protein was preserved.

From the RMSF data, there appears to be no significant effect of the P135G mutation on the
ensemble of conformations that constitutes the folded state of FGF1. Notably, RMSF values
for residues adjacent to and including the P135G mutation were unchanged relative to the
WT protein (Figure 4B). Visual inspection of the P135G loop in the final snapshots largely
confirmed this finding. All five of the WT trajectory final conformations had a loop structure
like that of the starting crystal structure. This also held true for four of the five for P135G
(Figure 5B). In the case of the fifth, there was loss of the short span of helical secondary
structure. This lone example suggests a local destabilizing effect of the point mutation.
Taken in the context of the NMR data, it appears that P135G does not change the
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conformational properties of the folded state itself, but rather changes the thermodynamic
balance between the folded state and the unfolded state, such that the folded state becomes
relatively less stable.

Mutation of Proline 135 attenuates the permeabilization of phosphatidylserine membrane
by FGF1 and inhibits its stress-induced export

We have previously shown that the mutations of Lysines 114,115, and 125,126 not only
inhibit the stress-induced nonclassical export of FGF1, but also decrease the FGF1-induced
destabilization of artificial membranes composed of acidic phospholipids (18). To assess the
role of FGF1 folding in its ability to destabilize the membranes, we have chosen for the
study of PS liposome permeabilization the P135G FGF1 mutant characterized by the
strongest increase of protease sensitivity and ANS binding. We have used as controls WT
FGF1 and the mutant P25G FGF1, which exhibited only a modest increase of protease
sensitivity and ANS binding. While WT and P25G FGF1 caused a strong leakage of
fluorochrome from PS liposomes, similar to that induced by Triton X100, the effect of
P135G was significantly weaker (Figure 6A).

Next, the role of Proline 135 in FGF1 export was assessed. Preliminary studies demonstrated
that P135G mutation did not interfere with FGF1 binding to heparin (Supplementary Figure
1), thus we used the standard heparin chromatography approach to assess the release of
P135G FGF1 to the medium. NIH 3T3 cells were adenovirally transduced with WT or
P135G FGF1 and subjected to 100 min incubation at 37°C or 42°C. Released FGF1 was
isolated from the medium by adsorption to heparin-sepharose, resolved by SDS PAGE and
detected by immunoblotting. We found that unlike WT FGF1, heat shock failed to induce
the export of P135G FGF1 (Figure 6B)

Discussion

Understanding the structural determinants critical for nonclassical export of FGF1 is
important for elucidating the mechanisms of its transmembane translocation and developing
approaches to regulation of the availability of this important biological regulator. Earlier
studies (18, 41) demonstrated that the C-terminal portion of FGF1 enriched in basic amino
acids is critical for its interaction with acidic PL present in the internal membrane leaflet.
Here we report that the mutation of proline 135 localized in this domain disturbed the
folding of FGF1 and blocked its stress-induced secretion. We have demonstrated that
aminopterin-dependent stable folding of the dihydrofolate reductase (DHFR) moiety in
FGF1-DHFR chimera does not prevent its stress-induced release (20). These data and earlier
results of experiments with FGF2-DHFR (19) indicate that nonclassical FGF secretion does
not require protein unfolding. The present study goes further by demonstrating the
importance of FGF1 folding for its export. Although MD studies did not reveal significant
conformation differences between folded WT and P135G FGF1, several biophysical and
biochemical approaches including DSC, NMR, ANS binding and limited protease digestion
clearly demonstrated a significant attenuation of FGF1 folding induced by P135G mutation.
Rather than resulting in a permanent partial unfolding of FGF1, we suggest that this
mutation changes the equilibrium between its folded and unfolded forms.
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Nonclassical secretion of FGF1 and FGF2 involves their translocation through the plasma
membrane and correlates with the ability of these proteins to destabilize bilayers containing
acidic phospholipids (4, 42). Thus, mutations of basic amino acid residues in the C-terminal
domain of FGF1 suppressed both its secretion and ability to destabilize artificial PS
membranes (18). Similarly, as we have shown in the present study, a drastic inhibition of
stress-induced FGF1 release by P135G mutation correlates with significantly attenuated
permeabilization of the PS bilayer. The effect of P135G mutation on FGF1 secretion and
membrane permeabilization may have different explanations. Thus, the specific folding of
FGF1 could be critical for the exposure of C-terminal basic amino acids to the acidic
phospholipids of the cell membrane and subsequent local membrane destabilization
facilitating the translocation of this protein. On the other hand, the deterioration of the -
barrel structure by the P135 mutation may interfere with the formation of hydrophobic
protein surface needed for FGF1 incorporation into the cell membrane. In this regard, it will
be interesting to assess the effects of point mutations interfering with protein folding upon
the nonclassical secretion of other p-barrel proteins such as FGF2 and IL1a (4, 42). The
finding about the importance of FGF1 folding for its secretion is promising for the
development of cell permeable small molecules specifically binding FGF1 and inducing its
partial unfolding, which would result in the inhibition of nonclassical protein secretion.

FGF1 is known to translocate across the membrane in a complex involving S100A13, a Ca2*
binding protein, and the p40 form of synaptotagmin 1 (Sytl), a cytosolic product of
alternative translation of mMRNA normally coding for transmembrane protein synaptotagmin
1 (4, 43, 44). FGFL1 shares an interface with S100A13 and Syt1 interacts with
phosphatidylserine, disrupting the lipid bilayer allowing transfusion of the complex. By
mapping the chemical shift perturbations of 1H-1°N HSQC, Mohan and coworkers revealed
that the FGF1 binding site for S100A13 is composed of 14 residues: K98-F101 and R112-
Al122 (44). As a whole, FGF1 is characterized as a non-covalent complex during exportation
(44). P135 is not reported to be involved in the interfacial region of the FGF1-S100A13
interaction, and therefore will have no direct effect on the stability of the formation of the
FGF1-S100A13-p40Sytl complex or complex attachment to the lipid bilayer. Furthermore,
changing a hydrophobic proline to a hydrophobic glycine does not disrupt the charge
character of the protein, thus effects on the stability of the secondary structure better
evidence attenuation of membrane interaction as reported in this study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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B

Figure 1. Three-dimensional B-barrel (A) and ribbon (B) structures of FGF1
[B-sheets are shown in red. Point mutations are discussed in the text. Downloaded from

NCBI using the CN3D program.
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Figure 2. Effect of proline mutations on FGF1 folding
A. Trypsine sensitivity of proline/glycine mutants. B. ANS binding by proline/glycine

mutants in presence (1) or absence (2) of SOS.
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Figure 3. Overlay of the 1H-15N HSQC spectra of the WT (red) and P135G (green) FGF1 forms
The distant residues located more than 5A° from the mutation site are also perturbed

indicating that the mutation disrupts the p-barrel architecture.
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Figure 4. Flexibility in FGF1 as determined by molecular dynamics simulations
(A) Time evolution of Ca atom RMSD. (B) Ca atom root-mean-squared-fluctuation about

time-averaged positions for the 20 ns to 200 ns interval. Data are shown for the five WT
FGF1 (red) and five P135G FGF1 (green) trajectories. Values were computed after least-
squares alignment of all Ca atoms relative to the starting crystallographic conformation.
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Figure 5. Structural consistency of residues 25 to 150 after MD simulation
(A) Ribbon representation for residues 25 to 150 are shown for the starting crystal

conformation (solid blue), the five 200-ns time point MD snapshots for WT FGF1
(transparent red) and P135G FGF1 (transparent green). (B) Close-up of residues 130 to 140.
MD snapshots were least-squares aligned to the crystallographic conformation using Ca
atoms 25 to 150.
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Figure 6. A. Effect of P135G mutation of liposome destabilization by FGF1 and stress-induced
release of FGF1

A. P135G (green) FGF1 induces significantly lower release of carboxyfluorescein from PS
liposomes than WT (red) and P25G FGF1 (black), which both destabilize liposomes as
efficiently as Triton X100 (blue). B. NIH 3T3 cells were adenovirally transduced with WT
of P135G FGF1 and submitted to 110 min incubation at 37°C or 42°C. FGF1 was isolated
from the medium using heparin chromatography, resolved by SDS PAGE and detected using
immunoblotting. The release of P135G FGF1 from NIH 3T3 cells is drastically reduced in
comparison with WT FGFL.
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Melting temperatures obtained from DSC experiment with WT FGF1 and proline/glycine mutants.

Table 1

Protein Tm[°C]
FGF-1 WT 49.8
FGF-1 WT+SOS | 59.3
P25G 46.7
P25G+S0S 57.8
P41G 43.2
P41G+S0OS 55.7
P93G 46.0
P93G+S0OS 58.9
P135G 45.4
P135G+S0OS 57.0
P148G 46.6
P148G+S0OS 57.1
P150G 46.6
P150G+S0OS 57.1

WT+SOS > P93G+S0S > P25G+S0S > P148G+S0S = P150G+S0S > P135G+S0S > P41G+S0S

WT > P25G > P148G > P93G = P150G > P135G > P41G
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