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ABSTRACT: Scaffold and adaptor proteins provide means for
the spatial organization of signaling cascades. MP1 is a scaffold
protein in the RAF/MEK/ERK pathway and together with p14
forms a heterodimer that was shown to be responsible for
localization of MEK to the late endosomal compartment. How-
ever, the mechanism by which MP1/p14 tethers MEK to the
endosomal membrane was not resolved. Recently, an adaptor
protein p18 was identified as a binding partner of MP1/p14. p18
is attached to the endosomal surface by myristoyl and palmitoyl
groups located at the N-terminus of the protein and tethers the

signaling complex to the cytoplasmic surface of late endosomes
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MP1/p14

. p18 expressed in E. coli is retained in inclusion bodies, and we

developed a protocol to refold it from the denatured state. Coexpression of p18 with MP1/p14 leads to a soluble protein complex.
We examined the interaction of p18 with the MP1/p14 constitutive heterodimer. We cloned various constructs of p18 and
characterized their behavior and interactions with MP1/p14 in vitro using SEC and pull-down assays. We determined that the
refolded p18 is a monomer in solution with molten globule characteristics. Its binding to MP1/p14 promotes folding and ordering.
We also identified a proteolytically stable fragment of p18 and showed that it binds to MP1/p14 with similar affinity to the full-length
construct and determined an apparent dissociation constant in the low micromolar range for the interaction. Finally, we show that
the ~60 C-terminal residues of p18 are not required for in vitro interaction with MP1/p14 heterodimer, in contrast to previously
reported findings showing that truncation of 41 C-terminal residues of p18 prevents endosomal localization of MP1/p14.

he mitogen-activated RAF/MEK/ERK protein kinase

(MAPK) pathway is crucial for cellular responses to many
external stimuli and transduces external signals into the cell,
effecting nuclear, cytoplasmic, and cytoskeletal events. This path-
way is involved in cell survival and proliferation,” differentiation,”
apoptosis,” and other events. Disregulation of this pathway is
associated with various cancers, among them cancers of the
colon, pancreas, skin, thyroid, ovary, and lungs.4 Other diseases
associated with disregulation of this pathway include Noonan,
LEOPARD, Costello, and cardiofaciocutaneous syndromes and
neurofibromatosis type I, all of which are characterized by
muscular abnormalities, mental retardation, heart defects, and
distinctive facial appearance.”

The response of kinase pathways to external signals is mod-
erated spatiotemporally by interactions of the kinase proteins
with scaffold proteins;®” among them are MP1, MEK partner 1°
and KSR, kinase suppressor of Ras.” Generally, scaffold proteins
enhance signal flux by bringing kinases and their substrates into
close proximity in signaling complexes. Scaffolds can also activate
associated kinases allosterically, further enhancing output.
Furthermore, subcellular localization plays a role in signaling
specificity. Various scaffolds cause activated ERK to be found in
the nucleus or cytosol or associated with the cytoskeleton or with
subcellular vesicles with concomitant effects on the substrates
activated by ERK in each locale. Localization of the scaffold may
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be an intrinsic é)roperty or mediated by interaction with an
adaptor protein.”"°

MP1, a small 14 kDa protein, was first identified as a MEK
scaffold in a yeast two hybrid screen. MP1 selectively binds
MEKI1 and ERK1 over MEK2 and ERK2 and enhances ERK1’s
activation of transcription factor Elk-1.* Another small 14 kDa
protein, p14, was shown to be part of the protein complex that
localizes a branch of the MEK/ERK signaling pathway to late
endosomes. MP1 and p14 interact constitutively, in contrast to
MP1’s dynamic association with MEK or ERK.'' Although
MEKI1 binds directly to MP1 but not to p14, the latter protein
is required for MEK localization to endosomes and for efficient
signaling in response to EGF. While essential for endosomal
targetin%2 of MEK, pl4 was shown not to be a membrane
protein.

MP1 forms a tight heterodimer with p14 with nanomolar
affinity.”> On its own, the heterodimer is soluble in aqueous
solution. Its crystal structure showed that MP1 and p14 have very
similar three-dimensional structures despite a very low level of
sequence similarity.''* On the other hand, both proteins
individually have been highly conserved during evolution, with
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sequence identity between human and yeast proteins of ~60%,
indicating an essential cellular role."*

The mechanism by which the MP1/p14 scaffolding complex
becomes attached to endosomes was unclear. This mechanism
became apparent with the recent description of p18, a protein
that interacts with the MP1/p14 complex." p18 was identified in
a screen of detergent-resistant membrane proteins. Detailed
studies showed that p18 is required for MP1/p14 anchoring to
late endosomal membranes. The first ~20 N-terminal residues of
p18 are required for association with endosomes."> The primary
sequence is predictive of a myristoyl group attached to Gly2 and
palmitoyl groups attached to Cys3 and Cys4. Indeed, a large-
scale study of palmitoylated proteins in mammalian cells found
that p18 is both myristoylated and palmitoylated."® Immunopre-
cipitation of recombinant tagged proteins in mouse embryonic
fibroblast cells as well as in vitro pull-down assays showed that
p18 binds to both MP1 and p14 and to the MP1/p14 complex.
In vivo studies showed that deleting 41 amino acid residues from
the C-terminus of p18 abrogated this interaction. Deletion of p18
yields similar phenotypes as deletion of either p14 or MEKI,
suggesting a functional link between these proteins.">"”

Recently, several studies have examined the role of p18. The
promoter of the human pl8 gene contains sterol response
elements, and consequently the relationship between pl8
(“Pdro” in this study) and cholesterol was examined in a human
neuroblastoma cell line. A positive feedback loop between the
levels of cellular free cholesterol and p18 expression was ob-
served, with pl8 expression controlled at the levels of both
transcription and translation. Depletion of p18 caused an increase
in trafficking of cholesterol into the cell, between subcellular
compartments, and out of the cell as well as the redistribution of
late endosomes/lysosomes.'® p18 was also found in a complex
including membrane-type 1 matrix metalloproteinase (MT1-MMP)
in invadopodia in human melanoma cells. Despite not interacting
with MT1-MMP directly, p18 (named “p27RF-Rho”) was shown to
play a role in these membrane protrusions required for tumor cell
invasion by activating the GTPase RhoA, causing enhanced forma-
tion of actin stress fibers and enhanced invasion of synthetic
basement membrane. Activation of RhoA occurs when p18 binds
p27kjpl , an inhibitor of RhoA, allowing activating guanine nucleotide
exchange factors to access RhoA." p18, MP1, and p14 were also
identified in immunoprecipitates of the GTPases RagB, RagC, and
RagD prepared from human HEK293T cells. In vitro assays showed
a direct association between the Rag proteins and p18 but no
association between Rag and MPI or pl4. The MP1/p14/p18
complex (collectively termed “Ragulator”) is necessary for associa-
tion of the Rag proteins with the late endosomal/lysosomal surface.
Upon stimulation of the cells by amino acids, Rag becomes GTP-
loaded and recruits the mTORCI kinase to the membrane where it
can be activated by Rheb.”® There may be a connection between the
mTORCI and MEK/ERK signaling pathways via PI3K, Akt, and
Raf, in addition to a direct relationship via p18/MP1/p14.

Here we describe cloning, expression, and purification of
the p18 protein and the investigation of its interactions with
the MP1/p14 complex in vitro. p18 expressed on its own is
retained in inclusion bodies but can be refolded, while when
coexpressed with MP1/pl4 it forms soluble complex. We
show that p18 undergoes binding-induced ordering and fold-
ing as it interacts with MP1/p14. We have further examined
the segment of p18 required for interaction with MP1/p14
and determined an apparent dissociation constant for the
binding of p18 to MP1/p14.
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Figure 1. Primary sequence of mouse p18. The predicted secondary
sequence, as determined by PSIPRED,* is indicated by arrows for
p-strands and thick lines for 0t-helices; predicted myristoylation (m) and
palmitoylation (p) sites are indicated above the sequence."* Various p18
constructs were expressed with N-termini (V) and C-termini (0) as
indicated, including that corresponding to a proteolytically truncated
form (*) of p18. A deleted proline-rich predicted loop region from
residues 105—111 is highlighted.

B MATERIALS AND METHODS

Cloning and Expression of p18. Mouse cDNA encoding p18
was obtained from the PlasmID DNA resource (Harvard Uni-
versity, Cambridge, Massachusetts). Sequence analysis indicated
that the first ~4S5 residues are disordered and that the remainder
of the protein is highly o-helical (InterProScan, DISOPRED>'
and PSIPRED?? servers, see Figure 1). We subcloned residues
39—161, 45—161, and 47—161 into vectors pJW234 (a deriva-
tive of pET1Sb vector, His-TEV N-terminal tag) and pRL652
(a derivative of pGEX-4T1 vector, GST-TEV N-terminal tag)
using BamHI and EcoRI restriction enzyme sites for both vectors.
As an example, for the 47—161 construct the forward oligonu-
cleotide was $-AAAGGATCCCGCACAGATGAGCAGGC-3/
and the reverse oligonucleotide was 5-AAAGAATTCTCAT-
GGTATCCCAAACTGTACAACC-3, with restriction sites in-
dicated in bold. The expression of these six p18 constructs was
tested in BL21(DE3) and Rosetta.pLysS strains of E. coli, and in
both strains the protein was found in inclusion bodies. In order to
improve the yield of soluble p18, we tried to express the GST-p18
construct in the presence of chaperones (dnakK, dnaJ, grpE,
groES, and groEL) expressed from the pG-KJE8 plasmid
(TakaraBio, Madison, WI). No improvement in solubility of
p18 was found. We also tried to coexpress p18 with MP1/p14
inserted into the two cloning sites of the pCDF-Duet vector (for
construct details, see ref 14). Expression of MP1/p14 was very
low, and pl18 was not found in the soluble fraction when
expression was tested in BL21(DE3) cells.

Purification and Refolding of p18. Rosetta.pLysS cells
expressing His-tagged p18(47—161) were lysed by sonication
in PBS, and insoluble material was resuspended in the same
buffer containing 8 M urea. IMAC was performed using buffers
containing 8 M urea and pl8 was eluted under denaturing
conditions. Refolding of p18 was tested in 96 conditions by a
1:10 dilution into the final condition.”® 100 mM glycine buffer,
pH 9.0, 200 mM NaCl was identified as the best condition for
p18 refolding. Large-scale refolding was by dilution into a large
volume of buffer (50 mM Tris pH 8.9, 0.2 M NaCl, 0.4 M
arginine, 0.1 M urea, 1 mM DTT), with and without MP1/p14
present. In both cases, p18 was at 0.01 mg/mL. MP1/p14 was
present in equal molar ratio. Refolding continued for 1, 3, or 5
days prior to concentrating p18 or p18/MP1/p14 in an Amicon
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stirred-cell concentrator with a 3 kDa membrane. Refolding of
p18 and binding to MP1/p14 were analyzed by SEC.

Characterization of Proteolytic Fragment of p18. During
refolding we observed by SDS-PAGE partial proteolysis of p18.
The refolded and purified p18 was analyzed by Western blot with
anti-His antibody to confirm the presence of the amino-terminal
His-tag. The expected MW of the expressed protein is 15 783 Da;
however, mass spectrometry showed a molecular weight of
13267 Da, indicating a C-terminal truncation after residue 138
(Figure 1). A new construct corresponding to the purified
truncated protein was produced by replacing codon 139 with a
stop codon using standard site-directed mutagenesis protocols.
The new construct, His-p18(47—138), was purified and refolded
in the same manner as above.

Creation of Internal Loop Deletion Mutant. An internal
deletion of predicted loop residues 105—111 (Figure 1) was
created using the SLIM technique.”* Expression of this new
construct, His-p18(47—138A105—111), was tested in the
BL21(DE3) and BL21-Al (Invitrogen, Burlington, Ontario)
strains of E. coli, with and without coexpression of MP1/p14
(also His-tagged). Expression in the BL21-Al strain led to an
increase in MP1/p14 expression, and in this case we found p18 in
the soluble fraction in complex with MP1/p14. Prior to lysis, cells
were treated with lysozyme/EDTA to remove the outer mem-
brane/periplasm.”® Complexes were purified by IMAC followed
by SEC to separate p18/MP1/pl4 complexes from MP1/p14
complexes.

Characterization of p18 Amino Acids Required To Interact
with MP1/p14. GST-p18(47—161) was mutated to produce
various carboxy termini: S97, K104, H116, S121, F126, R134,
and Y138 (Figure 1). Interaction was determined by pull-down
of p18 from the soluble fraction of BL21-AI E. coli lysates from
cells coexpressing His-tagged MP1/p14 and GST-pl8 using
IMAC resin. Material eluted from IMAC resin was bound to
glutathione sepharose and proteins were eluted by TEV cleavage
of the GST tag from p18. Eluted complexes were analyzed by
SDS-PAGE.

Circular Dichroism Spectroscopy. Protein buffer was ex-
changed for 10 mM Tris-sulfate, pH 8.8, 20 mM NaF using SEC.
CD spectra were measured using a 1 mm path-length cuvette in a
Jasco J-815 CD spectrometer. All spectra were corrected for the
signal arising from buffer alone.

Fluorescence Titration of p18 with MP1/p14. The intrinsic
tryptophan fluorescence of p18 was measured with a Varian Cary
Eclipse fluorescence spectrophotometer while being titrated with
MP1/p14. His-p18(47—138) was purified and refolded as above,
and pl8 was purified by SEC using a Superdex 75 10/300
column. His-MP1/His-p14 was purified by IMAC followed by
SEC on the same column. The final buffer in both cases was
10 mM Tris, pH 8.8, 150 mM NaCl, 5% (v/v) glycerol. 10 uM
p18 was titrated at room temperature with MP1/p14 from 0 to
30 uM final concentration. Tryptophan residues were specifically
excited at a wavelength of 295 nm, and the fluorescence emission
was measured and integrated between 310 and 410 nm. The
average of five scans was used for each measurement. The same
titration was performed in the absence of p18 (MP1/p14 titrated
into buffer) and in the absence of MP1/p14 (dilution of p18). All
measurements were corrected for the fluorescence signal due to
buffer alone. Complex formation was measured as the difference
between the fluorescence of p18 in the presence of MP1/p14 and
the sum of the individual fluorescence measurements of p18 and
MP1/p14. The differential fluorescence AF is proportional to
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Figure 2. Expression and purification of p18. (a) Small-scale expression of
initial p18 constructs in Rosetta.pLysS strain. Lane 1, molecular mass standards
(kDa). His-p18(47—161), predicted molecular mass 15.9 kDa; lane 2, total
Iysate; lane 3, soluble fraction GST-p18(47—161), predicted molecular mass
39.4 kDa; lane 4, total lysate; lane S, soluble fraction. (b) Pull-down of p18 by
MP1/pl4. Lysates containing poorly soluble GST-p18(47—161), predicted
molecular mass 394 kDa, and His-MP1/His-p14 were mixed together.
Proteins purified by IMAC were analyzed by SDS-PAGE. Lane 1, molecular
mass standards (kDa); lane 2, IMAC elution fraction. (c) IMAC purification
under denaturing conditions of His-p18(47—161), predicted molecular mass
159 kDa. Lane 1, molecular mass standards (kDa); lane 2, on-column
refolding followed by elution with 250 mM imidazole under native conditions.
Precipitated protein remained on the column. Lane 3, precipitated protein
could be eluted after addition of 8 M urea.
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the concentration of the complex

AF = F(p18/MP1/pl4) — F(p18) — F(MP1/p14)
= y[p18/MP1/pl4] (1)

where y is a constant dependent on the particulars of the
fluorophore and fluorescence spectrophotometer. The Ky for
the association of p18 with MP1/p14 has the following form,
where subscript “0” indicates the total concentration of a species:

K4 = [p18][MP1/p14]/[p18/MP1/p14]
= {[p18]o — [p18/MP1/p14)|{[(MP1/p14)],
— [p18/MP1/p14]}/[p18/MP1/p14]
= {[p18, — AF/y}{[MP1/p14], — AF/y}/(AF/y) (2)

Data were fit to this equation using a least-squares method to
solve for Ky and y and taking into account the dilution of each
protein as MP1/p14 was titrated into the cuvette.

Isothermal Titration Calorimetry of p18 Interaction with
MP1/p14. His-p18(47—138) and His-MP1/His-p14 were pur-
ified as for fluorescence titration, and their interaction was
measured using a MicroCal ITC200 microcalorimeter. The cell
contained 200 uL of p18 at 51.0 #M while the syringe contained
287 uM MP1/pl4. After an initial injection of 1 uL, 2 uL
injections were performed until a total of 39 L of MP1/p14 had
been injected into the cell. The cell was stirred at 1000 rpm
during the entire experiment. Data were analyzed using the
included Origin software with the “One Site” model (assuming
n equivalent binding sites for the ligand on its acceptor molecule)
and specifying that the ligand was found in the calorimeter cell.

B RESULTS

Analysis of p18 Amino Acid Sequence. The mouse and
human p18 genes code for proteins of 161 amino acid residues.
Their primary sequences were analyzed for the presence of
secondary structures and potential for intrinsically disordered
regions. There are strong predictions of three t-helical regions
(~50—70, ~78—95, ~125—145) and one short f(-strand
(154—157), with the exact boundaries varying somewhat be-
tween the programs. A second f3-strand (117—120) was pre-
dicted with lower probability (Figure 1). The N-terminal ~45
residues lack secondary structure and were predicted by several
programs to be intrinsically disordered. On the basis of these, we
designed N-terminally truncated constructs of p18, 39—161,
45—161, and 47—161, with the majority of the disordered region
being deleted.

Recombinant p18(47—161) Binds MP1/p14 Heterodimer.
The three His-tagged p18 constructs expressed well in Rosetta.
pLysS cells but were insoluble. We continued with the shortest
construct that had the entire predicted disordered region re-
moved. When expressed with the GST tag, a small fraction of
expressed protein was soluble (Figure 2a). To further improve its
solubility, we coexpressed it with (1) a plasmid containing several
chaperones or (2) a compatible pCDF-Duet plasmid carrying
MP1/p14. However, in both cases most p18 protein was still
found in inclusion bodies.

Since expression of GST-p18 led to small amounts of soluble
protein, we tested by pull-down if this protein binds the MP1/
pl4 complex. Lysates of cells individually expressing GST-
pl8(47—161) and His-MP1/His-pl4 were mixed together,
and the resulting mixture was purified by IMAC. Proteins were
eluted with imidazole and analyzed by SDS-PAGE. All three
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Figure 3. Size exclusion chromatography of p18 and p18+MP1/pl4
complex. (a) His-p18(47—161) refolded in the absence (dotted line)
and presence (solid line) of His-MP1/His-p14, analyzed on a Superdex
200 10/300 GL column. (b) SDS-PAGE of fractions from (a) lane 1,
molecular standards; lane 2, peak fractions for p18 alone (dashed line,
15.7 mL); lane 3, void peak for p18+MP1/p14 (solid line); lane 4, peak
for p18+MP1/p14 (solid line, 15.0 mL). (c) Anti-His-tag Western blot
of samples from (b); lane 1, molecular mass standards (kDa); lane 2,
void peak containing only uncleaved protein; lane 3, the main peak
fraction of p18 with uncleaved and cleaved protein.

proteins were present indicating formation of a p18/MP1/p14
complex (Figure 2b). The small amount of GST-p18 eluted
precluded further analysis of the complex.

Refolding of p18. The p18(47—161) construct retained
binding to MP1/p14, and considering this is a small protein
without cysteines, we purified denatured His-p18(47—161) and
determined conditions for its refolding. Attempts to refold this
denatured p18 protein construct bound to an IMAC column by
washing with a decreasing gradient of urea in PBS were un-
successful. Therefore, bound p18 was eluted with imidazole
under denaturing conditions, and this highly pure denatured
protein (Figure 2c) was screened for refolding using 96 different
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Figure 4. Stoichiometry of MP1/p14 and p18 interaction. His-MP1/His-p 14 was mixed with refolded His-p18(47—138) in stoichiometric ratios of 1:1,
1:2, and 1:3 MP1/p14:p18; the mixtures and input proteins were analyzed by SEC on a Superdex 75 10/300 GL column. (a) Top panel: SEC elution
profiles of mixtures and input proteins (traces for 1:2 and 1:3 overlap between 10 and 13 mL); bottom panel: column calibration was performed by
individual injection of protein mass standards bovine serum albumin (66 kDa monomer), carbonic anhydrase (29 kDa), and cytochrome ¢ (12.4 kDa).
(b) SDS-PAGE of elution fractions from (a). Lane 1, molecular mass standards (kDa); lanes 2—3, input proteins MP1/p14 and p18; lanes 4—15, two
fractions centered at 10.4 mL and two fractions centered at 11.5 mL for each ratio of MP1/p14:p18.
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Figure S. SEC of His-p18(47—138A105—111)/MP1/p14 complex.
His-p18(47—138A105—111) was coexpressed with MP1/p14, purified
by IMAC, and analyzed by SEC on a Superdex 75 10/300 GL column.
The main peak is the ternary complex while the shoulder contains excess
MP1/p14, as determined by SDS-PAGE.

conditions containing a variety of buffers.”® Successful refolding
was determined by a lack of optical density at 340 nm that is
characteristic of precipitated protein. We identified high pH and

3700

200 mM NaCl as the main factors affecting refolding and selected
Tris buffer for large-scale refolding experiments augmented with
400 mM arginine and 100 mM urea as these are common
additives used for protein refolding.”®> The yield of refolded
p18 was evaluated after 1 day (overnight), 3 days, and S days. Five
days at a protein concentration of 10 yg/mL gave the best yield
of refolding amounting to ~15% of the initial amount of protein
recovered after concentration. The elution profile of His-
p18(47—161) analyzed on a Superdex 200 column indicated
an apparent molecular weight of ~40 kDa (Figure 3a). The
calculated mass of His-p18(47—161) is 15.9 kDa. We further
characterized this refolded protein by dynamic light scattering.
The measurements showed that after concentrating the peak
fraction to 1.7 mg/mL, p18 was present as a highly polydisperse
solution of large aggregates.

Refolding of p18 in the Presence of MP1/p14 Heterodimer.
Since full-length p18 interacts with MP1/p14 heterodimer" and
MP1/p14 was able to pull down p18(47—161), we reasoned that
the presence of MP1/p14 during refolding may improve the yield of
p18. Indeed, the presence of stoichiometric amounts of MP1/p14
during refolding of His-p18(47—161) led to recovery of essentially
100% of p18 after S days. Reducing agent was added to the refolding
solution as both MP1 and p14 have free sulthydryl groups. The
constitutive MP1/p14 heterodimer has a mass of 30.1 kDa. Most of
the protein concentrated from the refolding mixture eluted from
SEC as a single peak with apparent molecular weight of ~48 kDa,

dx.doi.org/10.1021/bi101972y |Biochemistry 2011, 50, 3696-3705
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Figure 6. Interaction of MP1/p14 with truncated p18 constructs using
both His-tag and GST as affinity tags. (a) IMAC elution fractions of His-
MP1/His-pl4 coexpressed with various TEV-cleavable GST-p18 con-
structs. Lane 1, molecular mass standards (kDa); lane 2, p18(47—161);
lane 3, p18(47—138); lane 4, p18(47—116); lane S, p18(47—104); lane
6, p18(47—97) (this construct expressed poorly); lane 7, control with
empty vector expressing only GST. (b) p18/MP1/p14 complexes eluted
in (a) were applied to glutathione sepharose and eluted with TEV; lanes
labeled as in (a).

while some eluted in the void volume, indicating the presence of
aggregates (Figure 3a). The protein that eluted in the void volume
contained only p18. The SDS-PAGE gel of the peak fractions from
SEC elution showed the presence of all three proteins (Figure 3b).
DLS analysis of the peak fraction showed a solution containing large
aggregates along with a species with an estimated molecular weight
of 53 kDa and 20% polydispersity, in good agreement with SEC.

C-Terminal Truncation of p18 Protein. After refolding of
His-p18(47—161) with or without MP1/pl4 we observed the
appearance of a lower molecular weight species by SDS-PAGE
(Figure 3b). This species produced a signal upon Western blotting
with an anti-His-tag antibody, suggesting that this is a proteolytically
C-terminally truncated p18 (Figure 3c). Mass spectrometry of peak
elution fractions of p18 indicated the presence of two major species
with molecular weights of 15783 and 13267 Da (Supporting
Information Figure 1). The first species corresponds to the expected
p18 construct minus the initial methionine residue (calculated MW =
15782 Da). The second species is 2516 Da smaller, which
corresponds to a loss of 23 amino acids from the C-terminus
to Y138 (calculated MW = 13 267 Da).

This p18(47—138) fragment was found in SEC elution peaks
together with p18(47—161) and p18(47—161)/MP1/p14 but
not in the void volume peak (Figure 3a,b). We concluded that
this fragment is more stable than the parent protein and retains
the ability to bind MP1/p14. We therefore decided to make the
construct corresponding to this fragment by site-directed
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Figure 7. Fluorescence titration of p18 with MP1/p14. (a) Intrinsic
tryptophan emission spectra of S #M p18 homodimer titrated with 0 to
30 uM MP1/p14 heterodimer. Spectra have been corrected for MP1/
pl4 fluorescence and smoothed. (b) Integrated fluorescence emission
was used to calculate the differential fluorescence of p18 titrated with
MP1/p14, which was fit to eq 2 to determine the value of K.

mutagenesis. This His-p18(47—138) refolded on its own with
better yield than His-p18(47—161) (~30% and ~15%, re-
spectively) and in the presence of MP1/pl4 leads also to full
recovery. This construct (calculated molecular mass of 13.4 kDa)
eluted from the Superdex-75 column with apparent molecular
mass of ~30 kDa, at nearly the same volume as the MP1/p14
heterodimer (Figure 4a).

To assess the folding state of the refolded, soluble p18 we
measured the circular dichroism spectrum of His-p18(47—138)
(Supporting Information Figure 2). The analysis of the spectrum
gives ~10% of helical structure vs 40% predicted from the
sequence. In addition, comparison of the [6],09 and [6]5,, of
the CD spectrum of p18 shows that it attains a premolten globule
state.”® We conclude that p18 on its own is only partially folded
under these conditions and attains a premolten globule state. The
apparent molecular mass for such a more loosely packed structure
measured by methods such as size exclusion chromatography is
usually ~3 times its real molecular mass.”® When this p18 construct
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Figure 8. ITC of His-p18(47—138) titrated with MP1/p14 complex.
The cell contained 200 4L of p18 at 51.0 #M while the syringe contained
287 uM MP1/p14. After an initial injection of 1 #L, 2 uL injections were
performed until a total of 39 4L MP1/p14 had been injected into the
cell. (a) Time course of heat evolved during ITC experiment. (b) Data
were analyzed using the included Origin software with the “One Site”
model (assuming n equivalent binding sites for the ligand on its acceptor
molecule) and specifying that the ligand was found in the calorimeter
cell.

was denatured in 8 M urea and subjected to size exclusion
chromatogaphy, its apparent molecular mass increased, as
expected,™ to even larger value of ~90 kDa (Supporting Informa-
tion Figure 3).

To verify if this shorter His-p18(47—138) construct binds
MP1/p14, we mixed the proteins and loaded them on Superdex-
75 SEC. The position of the main peak shifted to lower volume,
and SDS-PAGE of the peak fractions showed the presence of all
three proteins, indicating retention of binding (Figure 4). We
next analyzed the CD spectra of the p18/MP1/p14 complex and
derived the p18 spectrum by subtracting the spectrum of MP1/
pl4 alone. The difference spectrum shows ~32% of helical
structure vs predicted ~40%. We conclude that p18 undergoes
substantial ordering upon binding to MP1/p14. This p18/MP1/
p14 complex eluted from the Superdex-75 column at a volume
corresponding to the apparent molecular mass of 45 kDa
(Figure 4) which would correspond to a 1:1:1 stoichiometry.

In order to verify the stoichiometry of p18 and MP1/p14 in
the complex, we mixed them in ratios of 1:1:1, 2:1:1, and 3:1:1
and performed SEC. In all cases the maximum shifted to
~45—50 kDa and the peak was highly asymmetric with a trailing
shoulder, indicating the presence of unbound proteins. When
mixed in a 1:1:1 ratio, the shoulder contained MP1/p14 but also
p18, with a 2:1:1 ratio the shoulder contains a small excess of p18,
while in a 3:1:1 ratio we observed also an aggregated p18 in the
void volume (Figure 4). These experiments, together with the

position of the p18/MP1/pl4 peak at 45 kDa, suggest the
stoichiometry of 1:1:1.

Loop Deletion Mutant. The inspection of the amino acid
sequence of p18 showed the presence of a proline-rich segment
in region 106—125 with three of them in a hydrophobic stretch
of amino acids 105—111 (Figure 1). We decided to test if this
stretch contributes to the aggregating properties of p18 and if it is
involved in binding to MP1/p14. We created a new construct,
His-p18(47—138A105—111), and expressed it in Rosetta.pLysS
E. coli as well as in another strain, BL21-Al, that expresses the T7
RNA polymerase under control of an arabinose-inducible pro-
moter. No significant improvement in protein solubility was
observed as this protein was also retained in inclusion bodies.
However, we noticed that BL21-Al showed significantly higher
expression level than the Rosetta.pLysS strain. Therefore, we
selected the BL21-Al strain for coexpression of His-p18-
(47—138A105—111) with His-MP1/His-p14 in the pCDF-
Duet vector. The expression level of all three proteins was very
high (~120 mg/L), and all three proteins were present in the
soluble fraction. Gel filtration of metal affinity purified proteins
showed two peaks, one containing p18(47—138A105— 111)/MP1/
pl4 and the second containing excess MP1/p14 (Figure S), as
determined by SDS-PAGE.

Coexpression of His-p18(47—138) with MP1/p14 in BL21-Al
strain yielded similar results. Since no significant difference between
the behavior of His-p18(47—138) and Hisp18(47—138A105—111)
was found, we did not investigate the loop-deletion mutant any
further.

Other C-Terminal Truncations. Experiments in vivo showed
that deletion of the C-terminal 41 residues (p18A120) is sufficient
to disrupt localization of MP1/p14 to the endosomal membrane."®
In order to better define the region of p18 necessary for binding to
MP1/p14, we made additional truncations of the C-terminus of p18
and investigated their binding to MP1/p14 in vitro. The truncated
constructs contained N-terminal, TEV-cleavable GST tag with
residue 47 as the N-terminus and residues 97, 104, 116, 121, 126,
134, or 138 as the C-termini (Figure 1). These constructs were
coexpressed with His-MP1/His-p14 in BL21-AlI cells.

Soluble proteins were purified first by metal affinity and then
glutathione affinity chromatography. In the second step, p18-con-
taining complexes were eluted by cleaving the GST tag from p18
with TEV protease while proteins were bound to the glutathione
sepharose column. SDS-PAGE of fractions eluted from both
chromatography steps indicate that pl8 can be truncated to
Lys104 at the C-terminus and still retained binding to MP1/p14
(Figure 6). Surprisingly, the expression level of His-p18(47—161)
was very low (Figure 6, lane 2), and the construct ending at amino
acid Ser97 was also poorly expressed, which suggest that a weak band
corresponding to the latter (Figure 6, lane 6) is either due to low
amount of this construct or weaker binding to MP1/p14.

Determination of Dissociation Constant of p18 Binding to
MP1/p14. The intrinsic fluorescence of the single tryptophan in
p18, Trp102, was measured as p18 was titrated with MP1/p14.
MP1 has no tryptophan residues while p14 has a single trypto-
phan, TrpS3, but its fluorescence is quenched by nearby charged
residues (PDB: 1SKO) ,14 and its fluorescence emission intensity
is less than 30% of an equimolar amount of p18; fluorescence
titration measurements were corrected for this signal using a
blank titration lacking p18.

The titration of p18(47—138) with MP1/p14 caused both an
increase in the intrinsic tryptophan fluorescence of p18 and a
decrease in the wavelength of maximum emission intensity
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(Figure 7a). Refolded p18(47—138) in solution has a A.,,,(max)
of ~354 nm, consistent with a tryptophan residue fully exposed
to aqueous solution.”” As p18 is titrated with MP1/p14, the
fluorescence emission blue-shifts to 337 nm and increases in
intensity. This is consistent with the p18 Trp102 moving from a
polar, aqueous environment to a less polar environment as a
result of MP1/p14 binding.

The differential fluorescence of p18 in the presence of MP1/
pl4 is proportional to the amount of complex in solution and can
be used to determine the binding constant of the interaction.
Because the emission wavelength maximum shifts over the
titration, integrated total fluorescence was used to monitor
complex formation instead of fluorescence intensity at a single
wavelength.”” Using a stoichiometry of 1:1:1 for the p18/MP1/
p14 complex, we calculated the K4 = 0.50 £ 0.18 uM (Figure 7b).

We also examined the interaction of p18 with MP1/p14 using
isothermal titration calorimetry. We performed these experi-
ments with the most stable His-p18(47—138) construct. Since
p18 is prone to aggregation at higher concentration, it was placed
in the calorimeter cell at a concentration of 51 #M and titrated
with MP1/p14 at 287 uM. Binding was exothermic, and data
were measured until the heat evolved reached a minimum
(Figure 8). Using a model of n equivalent sites for p18 on the
MP1/p14 molecule yields a stoichiometry of 3.55 p18 molecules
binding MP1/p14 with a K4 =18.2 £ 1.2 uM. The interpretation
of these data is complicated by two factors: (1) since the p18 in
the cell could be partially aggregated and the aggregates unfit for
binding MP1/p14, the “effective” concentration of p18 might be
lower than used in these calculations, overestimating n and
underestimating Kg; and (2) the binding event involves also
some level of ordering of p18 which effect on the thermody-
namics is difficult to quantify. Therefore, from this experiment
we only conclude that the K4 has a low uM value.

B DISCUSSION

The protein p18 has been identified as an endosomal anchor
for the MEK/ERK scaffold MP1/p14 heterodimer. It was also
shown that p18 interacts with several other proteins including
p27°P" and Rag GTPases. In vivo studies showed that a deletion
of the C-terminal 41 residues resulted in mislocalization of MP1/
pl14, indicating that the C-terminus of p18 is important for the
retention of MP1/p14 heterodimer at the endosome and im-
plicating this region as participating in interaction with the
heterodimer.'® We wanted to examine in more detail the binding
of p18 to MP1/pl4 and to define the region of p18 that is
involved in this interaction.

We have previously expressed the MP1/p14 heterodimer and
determined its crystal structure.'* We therefore attempted to
express recombinant p18 in E. coli. p18 has no recognizable
similarity to any protein with known three-dimensional struc-
ture, and we performed bioinformatic analysis to identify the
location of secondary structure elements and assess the propen-
sity for intrinsically disordered regions. In addition to predicted
myristoylation and palmitoylation sites, the N-terminal portion
of the protein (~4S residues) showed features typical for
intrinsically unfolded regions,>" and we used this information
to exclude most of this region in the design of our constructs.
Despite the small size of the protein and the lack of cysteines in
the constructs, the expressed protein variants were almost comple-
tely insoluble. However, we were able to develop a refolding
protocol that resulted in recovery of soluble p18 variants. In addition,

the refolding yield was significantly augmented by the presence of
MP1/p14. Circular dichroism spectra indicate that the refolded p18
protein appears to be only partially folded, in a premolten globule
state, with only ~10% of helical structure rather than 40% predicted
from the sequence. The association of p18 with MP1/p14 promotes
its folding. With this result, we attempted to coexpress p18 together
with MP1/p14 and were able to obtain soluble complex containing
all three proteins. The stoichiometry of p18/MP1/pl4 complex
appears to be 1:1:1.

A series of C-terminal truncations allowed us to narrow down
the region of p18 involved in binding the MP1/p14 scaftold to
residues ~47—104. This region is predicted to form two hairpin
Qt-helices connected by a short loop and excludes the predicted
long C-terminal a-helix (Figure 1). However, in vivo experiments
indicated that a segment beyond residue 120 is necessary for
localization of the MP1/p14 scaffold to the endosomes as a
p18(1—120) construct failed to correctly localize the scaffold,"®
leading the authors to conclude that p18(1—120) does not bind
MP1/pl4. Recent reports that p18 interacts with several other
proteins suggest a possible explanation for this discrepancy.'**°
p18 is involved in large signaling complexes, and we hypothesize
that proper localization of MP1/p14 may require contacts with
other partners in addition to p18. The C-terminal ~40 residues
of p18 (predicted to form a long ot-helix) may be essential for
these other interactions while it is not necessary for the formation
of a p18/MP1/p14 complex in vitro.

We have previously tried to isolate in vitro the MEK1 kinase
bound to the MP1/pl4 scaffold (MP1/p14/MEKI1 ternary
complex). Our results suggest that MP1 on its own may not be
able to simultaneously bind p14 and MEK1 (unpublished data).
In addition, while MP1/p14 forms a very tight heterodimer, it is
the p18/MP1/p14 complex (“Ragulator”) that is the functional
unit for kinase scaffolding on the surface of late endosomes/
lysosomes.”> We therefore hypothesize further that pl8 is
required for the simultaneous interaction of MP1 with MEK1
and p14 observed in vivo."?

Using two different methods, we obtained the apparent
dissociation constant of the pl8 homodimer with MP1/p14,
which while they differ, they both indicate low micromolar range.
This is a much weaker interaction than the nanomolar affinity of
MP1 and pl4. This weak interaction between subunits of a
functional complex again suggests that other proteins may be
required to form a robust signaling complex. It may further
indicate that p18 and MP1/p14, while active together in the
Ragulator complex, also have individual functions that require
dissociation.

There is growing evidence for involvement of the Ragulator
complex in cell motility, cell spreading, and tumor invasion. This
complex serves as a scaffold in several kinase pathways, such as
MEK/ERK and mTORCI (via Rag), and p18 controls Rho by
binding its inhibitor, p27°P", p18 shares some interesting simila-
rities with p27*%"."* p27°P! binds the CDK2/cyclin A complex,
and its N-terminal segment has been crystallized in this trimeric
complex.”® p27"" has been shown to interact individually with
both CDK2 and cyclin A in vitro, and the crystal structure shows
that this is because p27°" binds to the surface of the kinase/
cyclin complex in an extended conformation that wraps around
both binding partners.”®*” Likewise, p18 is capable of binding
both MP1 and p14 individually as well as the heterodimer."> In
addition, p27kipl lacks a rigid structure in its unbound form, although
there is some residual secondary structure as determined by CD and
NMR. 27" binds to the CDK2/cyclin A complex by first binding
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cyclin A, then undergoing a folding reaction, and then finally
associating with CDK2, which also undergoes a binding-induced
conformational change upon association with p27*%'** Similarly,
p18 is a premolten globule in solution; it becomes ordered and
folded as it binds to MP1/p14. While there is little to no sequence
similarity between p18 and p27"*", both proteins are relatively small
molecules with many binding partners that are involved in networks
of kinase signaling Eiathways. Thus, it seems reasonable to assume
that p18, like p27*"', uses structural flexibility as a means to
accommodate numerous interactions in a small protein. Our data
support the role of additional proteins in the formation of competent
signaling complexes on late endosomes.

B ASSOCIATED CONTENT

© Supporting Information. Mass spectrometry spectrum
of the refolded p18; CD spectra of p18, MP1/pl4, and p18/
MP1/p14; and SEC profile of refolded p18 and p18 solubilized in
urea. This material is available free of charge via the Internet at
http://pubs.acs.org.
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