
Abstract. Background: Mutations of the human K-Ras 4B
(K-Ras) G protein are associated with a significant
proportion of all human cancers. Despite this fact, a
comprehensive analysis of K-Ras interactions is lacking. Our
investigations focus on characterization of the K-Ras
interaction network. Materials and Methods: We employed a
biotin ligase-tagging approach, in which tagged K-Ras
proteins biotinylate neighbor proteins in a proximity-
dependent fashion, and proteins are identified via mass
spectrometry (MS) sequencing. Results: In transfected cells,
a total of 748 biotinylated proteins were identified from cells
expressing biotin ligase-tagged K-Ras variants. Significant
differences were observed between membrane-associated
variants and a farnesylation-defective mutant. In pancreatic
cancer cells, 56 K-Ras interaction partners were identified.
Most of these were cytoskeletal or plasma membrane
proteins, and many have been identified previously as
potential cancer biomarkers. Conclusion: Biotin ligase
tagging offers a rapid and convenient approach to the
characterization of K-Ras interaction networks. 

Mutations of the human Ras proteins, H-Ras, N-Ras, and K-
Ras are associated with a third of all human cancers, and K-
Ras itself accounts for over 80% of these mutations (1-7).
These 21-kDa G proteins bind guanosine nucleotides, and
when in the GTP-bound form activate effector proteins,
promoting cell growth (1-9). Mutation of K-Ras glycine
residue twelve to an aspartic acid (G12D) renders the protein

less sensitive to GTP hydrolysis, and thus constitutively
active (5, 10-11). In contrast, serine-to-arginine mutation at
K-Ras residue 17 (S17N) yields a protein that preferentially
binds GDP, and is defective for effector protein activation
(12-13). Post-translational modifications are also critical to
Ras protein function (1, 5-6, 14-19). For the dominant K-Ras
4B splice variant (hereafter referred to simply as K-Ras),
these involve farnesylation at cysteine residue 185 (C185),
proteolytic cleavage of the three C-terminal residues, and
carboxymethylation of the now C-terminal C185 (19-20). The
K-Ras farnesyl moeity, and a string of lysine residues just
upstream of C185 in the Ras hypervariable region (HVR) are
important contributors to K-Ras membrane binding, and a
C185S mutation impairs this process (1, 5-6, 17-19). 

The intracellular trafficking and signal transduction
schemes for wild-type (WT) K-Ras have been studied
extensively (1-20). After post-translational processing steps,
WT K-Ras traffics via incompletely understood pathways to
cell plasma membranes (PMs), where it localizes to lipid raft
domains near receptor tyrosine kinases (RTKs; (21)). RTK
activation recruits adapter proteins and guanine exchange
factors (GEFs). Recruitment of GEFs to the vicinity of K-
Ras allows the GEF to catalyze the release of bound (usually
GDP) nucleotide, which facilitates subsequent K-Ras
activation through binding of GTP (22-4). Activated K-Ras
can be deactivated through the assistance of GTPase-
activating proteins (GAPs; (22-4)). If K-Ras is not
inactivated, it can trigger signal transduction through its
association with a variety of effector proteins. One such
effector protein is Raf, which triggers the RAF-MEK-ERK
signal transduction cascade (1-9, 25-9). A second K-Ras
effector pathway is the PI3K-AKT cascade (1-9). Other
effectors have been shown to interact with Ras proteins, but
the physiological roles of these interactions have yet to be
completely elucidated (30-40). 

Given the prominent role of K-Ras in many cancers, a
comprehensive analysis of its interaction network is of
interest. Surprisingly, a current compendium of K-Ras
physical interactions, based on yeast two-hybrid, co-
immunoprecipitation (co-IP), and pull-down experiments
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lists a total of only forty unique interactions (41). This small
tally is due, in part, to the difficulties in the analysis of
interactions with membrane proteins, using conventional
methods. To extend previous studies, we have developed a
system to analyze K-Ras protein interactions using the
promiscuous Escherichia coli biotin ligase BirA* (42-4).
With BirA*, biotin is activated to a biotinyl-5’-AMP moiety
that is released prematurely by the enzyme, and reacts with
lysine residues on nearby proteins in a proximity-dependent
fashion, estimated to be in the range of 100-200Å (43). To
characterize the K-Ras protein interaction network, we have
analyzed four different BirA*-K-Ras (BirA*Ras) fusion
proteins. These included WT, S17N, G12D variants, as well
as a farnesylation-defective mutant that also carries the
G12D mutation (C185S/G12D). When expressed in
transfected cells, the BirA*Ras proteins biotinylated
themselves, plus multiple other cellular proteins.
Biotinylated proteins were isolated and identified by liquid
chromatagraphy (LC) and dual mass spectrometry (MS/MS)
(42-4). Relative to mocks, a total of 748 biotinylated proteins
were identified from cells expressing BirA*Ras variants,
with significant differences between membrane-associated
variants and the farnesylation-defective mutant. We also
expressed the G12D BirA*Ras protein in pancreatic cancer
cells that express an endogenous G12D mutant K-Ras
protein. Studies with these cells identified fifty-six putative
K-Ras interaction partners, including EGFR, integrin β1, and
mucin 13. Overall, the identification of putative K-Ras
interaction partners should facilitate the characterization of
K-Ras interaction networks, and may help guide efforts at
therapeutic intervention. 

Materials and Methods
Recombinant DNA constructs. BirA*Ras constructs use the phage-
ubc-nls-ha-tdPCP-GFP vector backbone to express the BirA*Ras
fusion proteins. The fusion protein coding regions derive from the
humanized Myc epitope tagged promiscuous Escherichia coli BirA*
biotin ligase (42-4) fused in frame to the N-terminal coding region
of the human KRas4B cDNA. WT and mutant KRas4B coding
regions derive from pENTR-PAmCherry1-K-Ras4B subclones (20),
and the sequences of the mutated KRas4B residues are GAT for
G12D, AAT for S17N, and TCT for C185S. For all BirA*Ras
constructs, the sequence of the BirA*-KRas4B junction is as
follows: AAG CTC GAC ATG, where the AAG represents the last
(lysine) codon of BirA* and the ATG represents the initiation codon
of KRas4B. The BirA*-KRas4B coding regions were inserted into
the phage-ubc-nls-ha-tdPCP-GFP backbone as NotI-BamHI
fragments, placing the BirA*Ras coding regions downstream of the
CMV immediate early promoter (45). 

Other constructs employed included the plasmid Bluescript -SK
(-SK; (46)), which was used in mock-transfections; the previously
described psPAX2 (47-8) and pVSV-G (44, 49) constructs for
lentivirus vector infections; and expression clones for PAmCherry-
KRas4B and Flag epitope tagged Raf-1 proteins. The expression
plasmid for the PAmCherry-KRas4B chimera, pcDNA3-

PAmCherry1-KRas (20), uses the CMV immediate early promoter
to drive expression. Expression plasmids for the WT and R89L (29)
Raf-1 proteins used Raf-1 coding regions cloned as BamHI-XbaI
fragments into the corresponding pcDNA3.1 sites (50). The Raf-1
open reading frames (ORFs) were preceded by dual FLAG tags. 

Cell culture, transfections, focus forming assays, and derivation of
AsPC-1 cell lines. HEK293T (51) and NIH 3T3 (52) cells were
maintained and transfected as described previously (44, 47, 49). For
transfections involving the detection of biotinylated proteins, cells
were supplemented with 50 μM biotin (Sigma B4501) at 24 h post-
transfection. For focus forming assays (53-5), NIH 3T3 cells on 
10 cm plates were transfected or infected (44, 47, 49) with the
different BirA*Ras constructs and grown for 10-14 d prior to
staining (53-5). After staining, plates were washed five times for 
1 min with phosphate-buffered saline (PBS), and photographed for
foci counting (53-5). For derivation of stable pancreatic cancer cell
lines expressing the G12D Bir*Ras protein, AsPC-1 (56) cells were
infected with the G12D BirA*Ras lentivirus vector, seeded at
limiting dilution in 96 well plates, expanded, and screened for
BirA*Ras expression with fluorescent streptavidin as described
below. Positive clones were screened by immunoblot detection of
G12D BirA*Ras and the endogenous G12D K-Ras proteins as
described below. AsPC-1 clones C3, D1, and D2 were selected for
further analysis. 

Electrophoresis and blotting. For cellular protein analysis,
transfected cells were washed in cold PBS, and samples were
electrophoresced and electroblotted as described previously (44, 47,
49). Protein filter blot detection followed our previously described
protocols (44, 47, 49), using a mouse anti-Myc monoclonal antibody
(9E10; BD Pharmingen #551101), a mouse anti-Flag monoclonal
antibody (M2; Sigma F1804), a mouse anti-PAmCherry antibody
(Clontech #632543), or a mouse anti-K-Ras antibody (Santa Cruz
Biotech. #F234) as primary antibodies; or a streptavidin-alkaline
phosphatase conjugate (Invitrogen #434322) for biotinylated protein
detection. Protein levels were quantified densitometrically using
NIH ImageJ software (57).

Membrane-cytosol fractionation. Cell membrane and cytosolic
fractions were prepared as described previously (58). Aliquots
(10%) of membrane and cytosolic fractions were subjected to
electrophoresis, blotting, and quantification as described above.
Fractionation results were plotted as percentages of proteins
measured in the membrane fractions. 

Fluorescence localization of proteins. Cells were processed for
fluorescence localization of proteins as described previously (44),
using the anti-Myc primary antibody at a 1:1,000 dilution for
BirA*Ras protein detection, and a 1:1,000 dilution of Alexa Fluor
488-streptavidin for biotinylated protein detection. Cells were
imaged and photographed as described previously (44), and
Pearson’s correlation coefficients (59), as well as profile plots were
calculated using NIH Image J software (57). 

Isolation of biotinylated proteins, and mass spectrometry.
Biotinylated proteins from cells were isolated at 4˚C through using
a modification (44) of previous procedures (42-3). Protein fractions
isolated from streptavidin bead purifications were processed for LC-
MS/MS analysis by the Oregon Health & Science University
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Proteomics Shared Resource. LC-MS/MS analysis was performed
as described before (44, 60) on the AsPC-1 cell line and the C3, D1,
and D2 clones, the HEK293T-transfected S17N and C185S/G12d
samples, and twice on the HEK293T mock, WT and G12D samples.
Sequest was used to search MS2 Spectra against the Sprot human
FASTA protein database, with added sequences for E. coli BirA*,
concatenated sequence-reversed entries to estimate error thresholds,
and 179 common contaminant sequences and their reversed forms.
The database processing was performed with python scripts have
been described previously (44, 61-2). Scores of histograms for
reversed matches were used to estimate peptide false discovery rates
(FDR) and set score thresholds for each peptide class that achieved
the desired protein FDR (approximately 2-3%) for each sample.
Background proteins present in mock samples were removed if the
averaged spectral hit numbers for mock samples exceeded one tenth
of the averaged spectral hit numbers for BirA*Ras-transfected
samples. For AsPC-1 samples, background proteins that yielded
fewer than five spectral hits for the C2 plus D1 clones also were
removed. Following the exclusion of background proteins, signal
levels in transfected cell samples were normalized to spectral hit
counts for the transfected K-Ras spectral hit values so as account
for transfection efficiencies. After normalization, values for
duplicate LC-MS/MS runs were averaged, and normalized spectral
count numbers were rounded to the nearest integer. A table of all
biotinylated cellular biotinylated proteins identified in HEK293T-
transfected samples is available on request, and these proteins were
classified based on their protein class ontologies using the Panther
classification system (63). Table I lists all non-background proteins
identified in sequencing of the AsPC-1 parent and clones. 

Results
Expression and localization of BirA*Ras proteins. To
examine the network of proteins that interact with K-Ras, we
adapted the promiscuous biotin ligase (BirA*) approach, in
which proteins that associate with a BirA* fusion protein are
subject to biotinylation (42-4). To do so, BirA*-K-Ras
(BirA*Ras) fusion protein expression vectors were
constructed. Each encoded BirA* fusion protein carried an
N-terminal Myc epitope tag and the Escherichia coli biotin
ligase BirA* upstream of the K-Ras coding region to avoid
interfering with K-Ras post-translational C-terminal
processing steps (1, 5-6, 14-20). Four BirA*Ras variants
were chosen for analysis: WT, the constitutively active G12D
mutant, the inactive S17N mutant, and C185S/G12D double
mutant that is defective for farnesylation, but also carries the
G12D mutation (10-11). 

BirA*Ras expression levels and biotinylation properties
initially were analyzed in transfected human HEK293T cells
(51), because these cells have proven to be reliably and
reproducibly transfectable (44, 48-9). As a first test, proteins
from transfected and mock-transfected (mock) cells were
fractionated by electrophoresis and blotted to detect BirA*Ras
(K-Ras) proteins by virtue of their Myc epitope tags, or
biotinylated (biotin) proteins, using a streptavidin conjugate.
As shown in Figure 1, with all transfected cell samples, but not
in the mock cell sample, we observed Myc epitope tag-reactive

bands at about 58 kDa, corresponding to the BirA*Ras
proteins. Of the biotinylated proteins (Figure 1, right panel), in
the mock-transfected lane a protein at about 130 kDa and a pair
of proteins at about 80 kDa were detected: these correspond to
the endogenously biotinylated mitochondrial proteins pyruvate
carboxylase (PC), and the alpha chains of the proprionyl-CoA
(PCC) and methylcrotonyl-CoA (MCC) carboxylases (44, 64-
5). Importantly, in transfected cells, the biotinylated BirA*Ras
proteins were additionally detected, as were numerous cellular
proteins, as indicated by the smears of bands in these lanes. 

We next examined the subcellular localizations of
BirA*Ras and its biotinylation products using fluorescence
microscopy. As a control, we first imaged mock-transfected
cells using both an anti-Myc tag antibody (to detect
BirA*Ras) and fluorescently tagged streptavidin (to detect
biotinylated targets). As expected no signal was detected for
BirA*Ras (data not shown), and very low signals were
detected with streptavidin at the default 10 ms exposure
time. However, long exposure times (300 ms) permitted the
visualization of the endogenously biotinylated proteins in
mock-transfected cells (data not shown). Because the
majority of these proteins are mitochondrial (44, 64-5),
localization patterns of endogenously biotinylated proteins
were consistent with mitochondrial localization, although we
did not co-stain with alternative mitochondrial markers to
test this assumption.

With exposure times of 10 ms, proteins in mock-
transfected cells were barely detected (data not shown),
making it possible to visualize BirA*Ras and biotinylated
proteins specifically in BirA*Ras protein-expressing cells.
As shown in Figure 2, detection of BirA*Ras proteins
showed heterogeneous staining patterns for the G12D, WT
and S17N proteins, with an enrichment towards cell edges,
consistent with PM staining. In some images, cytoplasmic
rings of fluorescence were observed, suggestive of
intracellular vesicle staining (data not shown). As compared
to the other three BirA*Ras proteins, the C185S/G12D
proteins appeared less at the cell surface, and more in the
nucleus. Within the nucleus, staining often appeared reduced
in what appear to be nucleolar spots, but this relative
reduction in staining may be due to more limited reagent
access to nucleolar compartments (66). The differences in
cell surface versus internal staining for G12D, WT and S17N
versus C185S/G12D proteins could be observed in profile
plots of the immunostained proteins (Figure 2, right column).
In these plots, relative fluorescence levels were graphed from
one cell edge to the opposite edge; and the red line plots
correspond to the cells indicated with the white bars in the
left column panels, while the black line plots represent
average profile plots for multiple cells. Comparison of
profile plots clearly showed an intracellular enrichment of
the C185S/G12D variant, and an apparent PM enrichment
for the other BirA*Ras proteins.
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Table I. Biotinylated proteins in AsPC-1 cells. 

Protein ID                           Protein description                                                                                                               Normalized levels 

                                                                                                                                                                         C3                D1                D2              WT

41_HUMAN                       Protein 4.1 OS=Homo sapiens                                                                            6                  6                   1                  0
4F2_HUMAN                     4F2 cell-surface antigen heavy chain                                                                13                16                  5                  0
AAAT_HUMAN                 Neutral amino acid transporter B(0)                                                                   5                  2                   1                  0
ADDA_HUMAN                Alpha-adducin                                                                                                      1                  4                   1                  0
ADDG_HUMAN                Gamma-adducin                                                                                                   4                  3                   1                  0
AHNK2_HUMAN              Protein AHNAK2                                                                                               54                41                  7                  0
AHNK_HUMAN                Neuroblast differentiation-associated protein AHNAK                                   874              798               416               12
AT1A1_HUMAN               Sodium/potassium-transporting ATPase subunit alpha-1                                 16                34                  4                  1
AT2B1_HUMAN                Plasma membrane calcium-transporting ATPase 1                                            3                  5                   0                  0
CD44_HUMAN                  CD44 antigen                                                                                                      14                15                  6                  0
CDHR2_HUMAN              Cadherin-related family member 2                                                                     0                 14                  0                  0
CDHR5_HUMAN              Cadherin-related family member 5                                                                     1                  4                   0                  0
CLH1_HUMAN                 Clathrin heavy chain 1                                                                                        5                  5                   0                  0
COR1B_HUMAN              Coronin-1B                                                                                                          2                  3                   0                  0
CTND1_HUMAN              Catenin delta-1                                                                                                     4                 13                  1                  0
CXAR_HUMAN                Coxsackievirus and adenovirus receptor                                                           18                16                  2                  0
DSG2_HUMAN                 Desmoglein-2                                                                                                      15                10                  3                  0
E41L1_HUMAN                Band 4.1-like protein 1                                                                                      14                15                  4                  0
EFHD2_HUMAN               EF-hand domain-containing protein D2                                                             7                  6                   0                  0
EFNB1_HUMAN               Ephrin-B1                                                                                                             4                  1                   0                  0
EGFR_HUMAN                 Epidermal growth factor receptor                                                                      50                33                 11                 2
EPHA2_HUMAN               Ephrin type-A receptor 2                                                                                    12                19                  5                  0
FLNA_HUMAN                 Filamin-A                                                                                                             10                24                  4                  0
FLRT3_HUMAN                Leucine-rich repeat transmembrane protein FLRT3                                          0                  5                   0                  0
GORS2_HUMAN              Golgi reassembly-stacking protein 2                                                                  1                  4                   0                  0
H4_HUMAN                      Histone H4                                                                                                           2                  3                   1                  0
HAP28_HUMAN               28 kDa heat- and acid-stable phosphoprotein                                                    5                  0                   0                  0
IF4A1_HUMAN                 Eukaryotic initiation factor 4A-I                                                                        3                  7                   3                  1
IF4A2_HUMAN                 Eukaryotic initiation factor 4A-II                                                                       3                  7                   3                  1
ITA6_HUMAN                   Integrin alpha-6                                                                                                   9                  3                   0                  0
ITB1_HUMAN                   Integrin beta-1                                                                                                    27                19                  1                  0
ITB5_HUMAN                   Integrin beta-5                                                                                                      2                  5                   0                  0
LAP2A_HUMAN               Lamina-associated polypeptide 2, isoform alpha                                              3                  5                   2                  0
LAP2B_HUMAN               Lamina-associated polypeptide 2, isoforms beta/gamma                                  3                  5                   2                  0
LIPB1_HUMAN                Liprin-beta-1                                                                                                        3                  3                   1                  0
MARCS_HUMAN             Myristoylated alanine-rich C-kinase substrate                                                  15                 8                   4                  0
MUC13_HUMAN              Mucin-13                                                                                                             27               144                 6                  1
MVP_HUMAN                   Major vault protein                                                                                              6                  4                   0                  0
MYH9_HUMAN                Myosin-9                                                                                                              7                  5                   0                  0
NDRG1_HUMAN              Protein NDRG1                                                                                                    6                  2                   2                  0
NHRF1_HUMAN              Na(+)/H(+) exchange regulatory cofactor NHE-RF1                                        1                  5                   0                  0
PGRC2_HUMAN               Membrane-associated progesterone receptor component 2                               5                 13                  1                  0
PLAK_HUMAN                 Junction plakoglobin                                                                                           2                 10                  4                  0
PLEC_HUMAN                 Plectin                                                                                                                   7                  4                   2                  0
PVRL2_HUMAN               Nectin-2                                                                                                                3                  2                   0                  0
RASK_HUMAN                 GTPase KRas                                                                                                       5                  4                   1                  0
RRBP1_HUMAN               Ribosome-binding protein 1                                                                               2                  6                   0                  0
SPTN1_HUMAN               Spectrin alpha chain, non-erythrocytic 1                                                           4                  1                   0                  0
SRC8_HUMAN                  Src substrate cortactin                                                                                         9                  3                   2                  0
TBB5_HUMAN                 Tubulin beta chain                                                                                               7                  8                   8                  0
TLN1_HUMAN                 Talin-1                                                                                                                  4                  4                   3                  0
TRAP1_HUMAN               Heat shock protein 75 kDa, mitochondrial                                                        1                  6                   0                  0
UTRO_HUMAN                Utrophin                                                                                                               3                  3                   0                  0
VAPB_HUMAN                 Vesicle-associated membrane protein-associated protein B/C                          2                  5                   0                  0
VILI_HUMAN                   Villin-1                                                                                                                 1                  4                   3                  0
VIME_HUMAN                 Vimentin                                                                                                               7                  0                   0                  0

The list of proteins preferentially biotinylated in AsPC-1 clones expressiong the G12D BirA*Ras protein, after background subtraction is tabulated
in the order of UniProt ID names (left column). The second column gives protein descriptions, and the remaining four columns give normalized
MS signals for the BirA*Ras-expressing C3, D1, and D2 AsPC-1 clones, and for the AsPC-1 (WT) parent. 



Staining patterns of biotinylated proteins were similar to
their BirA*Ras counterparts, and merged images (merge)
showed a large degree of co-localization (Figure 2). The
degree of co-localization was calculated using Pearson’s
correlation coefficients (59), which range from -1.0
(oppositely correlated) to +1.0 (completely correlated).
Importantly, Pearson’s correlation coefficients indicated a
high degree of BirA*Ras protein and biotinylated protein
colocalization, with values of between 0.82 and 0.93 (Figure
2, legend). In summary, these results indicate that
biotinylated proteins localized with the BirA*Ras proteins,
at least at the level of conventional fluorescence microscopy;
and that, as anticipated, the C185S/G12D protein showed
reduced levels of cell surface association. 

To assess cytosol and membrane localizations of
BirA*Ras proteins in an independent fashion, we performed
fractionation studies on cells expressing the four BirA*Ras
variants. To do so, cytosol and membrane fractions were
separated by centrifugation and subjected to blot detection
to determine total BirA*Ras protein levels in each fraction.
From these data, percentages of membrane associations were
calculated (Figure 3). Importantly, the membrane fraction of

biotinylated proteins showed the same trend as that of total
BirA*Ras, indicating that membrane-bound BirA*Ras
preferentially biotinylated membrane-bound targets, whereas
cytosolic (C185S/G12D) BirA*Ras preferentially
biotinylated cytosolic targets. Nevertheless, a small
percentage of C185S/G12D BirA*Ras remained membrane
bound, and this population appears to have been more
efficient in biotinylating proximal proteins than the cytosolic
C185S/G12D fraction, as indicated by the greater membrane
association of biotinylated proteins BirA*Ras. 

BirA*Ras protein activities, and biotinylation of K-Ras and
Raf-1 proteins in trans. Previous studies have shown that the
G12D K-Ras expression in NIH 3T3 (3T3) cells was
sufficient to induce focus formation, but that expression of
WT K-Ras and other variants was not (53-5). To test the
focus-forming activities of the BirA*Ras proteins, 3T3 cells
were transfected with the BirA*Ras expression constructs
and scored for focus formation. As shown in Figure 4, and
consistent with predictions, the G12D BirA*Ras protein
indeed did induce focus formation, while the other variants
did not. In two separate 3T3 transfection experiments, we
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Figure 1. Expression and biotinylation of BirA*Ras proteins. Lysate samples from mock-transfected (mock) cells, or cells transfected with BirA*Ras
constructs expressing S17N, wild type (WT), G12, or C185/G12D proteins were fractionated by electrophoresis, and electroblotted onto nitrocellulose
filters. BirA*Ras proteins (left panel) were detected using an anti-Myc tag primary antibody and an alkaline phosphatase-conjugated secondary
antibody, while biotinylated proteins were detected with alkaline phosphatase-conjugated streptavidin. Note that in mock-transfected cells, the
endogenously biotinylated proteins pyruvate carboxylase (PC; 130 kDa) and the alpha chains of proprionyl-CoA carboxylase (PCC; 80 kDa) and
methylcrotonyl-CoA carboxylase (MCC; 80 kDa) were detected. Note also that multiple additional biotinylated proteins, including the BirA*Ras
proteins, were detected in transfected cells.



observed 17 and 20 foci for G12D, and no foci for the other
BirA*Ras variants. We also delivered the four BirA*Ras
variants to target 3T3 cells by lentivirus infection, and again
observed no foci in cells infected with the WT, S17N, or
C185S/G12D variants, but 41 foci in G12D-infected 3T3

cells. These results support the notion that BirA* fusion to
the N-termini of K-Ras proteins did not abrogate their
expected cell proliferative activities. 

Recent investigations have implicated that Ras proteins
have the capacity to oligomerize, with dimers as perhaps a
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Figure 2. Localization of BirA*Ras and biotinylated proteins in transfected cells. Cells expressing the indicated BirA*Ras proteins were processed
to detect the BirA*Ras proteins with an anti-Myc antibody (K-Ras; red), and a fluorescently tagged streptavidin reagent to detect biotinylated
proteins (biotin; green). Exposure times for biotinylated proteins were set at 10 ms, to minimize imaging of endogenously biotinylated proteins. The
merge column shows the overlap BirA*Ras (K-Ras) and biotinylated protein (biotin) signals. Pearson’s correlation coefficients, determined from
20 cells for each sample, indicated high degree of co-localization and were as follows: G12D, 0.84±0.06; WT, 0.82±0.06; S17N, 0.86±0.04;
C185S/G12D, 0.93±0.03. In the rightmost column (profile), fluorescence brightness profiles across cells, from one cell edge (0) to the opposite cell
edge (100) were plotted. The red line plots derive from the cells indicated with white lines in the K-Ras column. The black line plots were averaged
from a minimum of 13 cells for each sample, and indicate that G12D, WT, and S17N BirA*Ras proteins preferentially localized to cell edges, while
the C185S/G12D protein appeared enriched intracellularly. 



preferred oligomerization state (17, 20). We examined this
phenomenon by analysis of the capabilities of BirA*Ras
proteins to biotinylate K-Ras proteins in trans. To do so, cells
were mock-transfected or transfected with our four BirA*Ras
variants along with an expression construct for a chimera of
PAmCherry plus WT K-Ras (PAmCherry1-KRas). Total
protein (total) and column-bound biotinylated (biotin) samples
were fractionated by electrophoresis and immunoblotted with
an anti-PAmCherry antibody to detect PAmCherry1-KRas
proteins. As shown in Figure 5, PAmCherry1-KRas proteins
were detected in all cell lysates, but biotinylated PAmCherry1-
KRas proteins were not detected in cells that had either no
BirA*Ras expression, or expression of the C185S/G12D
protein. In contrast, WT, G12D, and S17N BirA*Ras proteins
did biotinylate PAmCherry1-KRas proteins in trans (Figure 5,
top panel). These results support the notion that a wild-type
K-Ras HVR region is required for K-Ras oligomerization by
targeting proteins to a membrane where oligomerization can
occur. It also is possible that the lack of lipid modification
alters the structure of the HVR, making it incapable of
interaction with PAmCherry1-KRas (1-9, 17, 20). Our results
also suggest that K-Ras proteins can occupy similar membrane
locations, regardless of their GTP binding status. 

In addition to testing K-Ras biotinylation in trans, it also
was of interest to analyze BirA*Ras biotinylation of one of
its effector proteins, Raf-1. As noted in the background, Raf

proteins bind to activated K-Ras (1-9, 25-9). Previously, a
single mutation at Raf-1 codon arginine 89 (R89L) was
shown to impair Raf binding to activated Ras (Ras-GTP;
(29)). Thus, to probe BirA*Ras-Raf interactions, cells were
co-transfected with expression constructs for the BirA*Ras
variants, plus vectors for FLAG epitope-tagged WT or R89L
(89L) Raf-1 proteins. At three days post-transfection, total
lysate samples (total) were collected, and biotinylated
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Figure 4. Focus formation of BirA*Ras proteins. NIH 3T3 fibroblast
cells were transfected with the indicated BirA*Ras constructs, grown
for 10 days, and stained for focus formation. As shown, the G12D
BirA*Ras protein yielded foci whereas the other variants did not. In
three separate experiments, G12D BirA*Ras gave 17, 20, and 41 foci,
while no foci were observed for the other variants. 

Figure 3. Membrane association of BirA*Ras proteins. Cells expressing
the indicated BirA*Ras proteins were fractionated into cytosolic and
membrane fractions, and BirA*Ras proteins from the fractions were
quantified after electrophoresis and blotting to detect all the BirA*Ras
proteins (total; using an anti-Myc primary antibody) and biotinylated
BirA*Ras proteins (biotin; using a streptavidin conjugate). The
percentages of membrane association for the proteins were determined
by dividing membrane fraction signals by membrane plus cytosol
signals. Results represent an average of two independent experiments. 

Figure 5. Biotinylation of K-Ras proteins in trans. The indicated
BirA*Ras proteins were co-expressed in cells with a WT PAm-Cherry
K-Ras protein, after which biotinylated proteins in lysates were purified
on streptavidin columns. Total lysate (total) and strepatvidin column-
bound (biotin) samples were fractionated electrophoretically, and
immunoblotted with an anti-PAmCherry antibody to detect PAm-Cherry
K-Ras proteins. 



proteins were purified on streptavidin columns (bound). Total
and bound samples were subjected to detection of
biotinylated proteins (biotin) and of FLAG-tagged Raf-1
proteins (Raf). Consistent with Figure 1, cells transfected
with only the Raf-1 vectors (Ras: none) showed only the
endogenously biotinylated proteins (PC, PCC, MCC) on the
biotin detection blots (Figure 6). When cells received one of
the BirA*Ras expression plasmids, the biotinylated
BirA*Ras (Ras) proteins also were detected, by virtue of
their self-biotinylation activities. Because the FLAG-tagged
Raf-1 proteins migrated so closely to the PCC and MCC

proteins, it was not possible to distinguish them on the biotin
blots. However, blots probed with the anti-Flag antibody
readily detected approximately equal amounts of either WT
or 89L Raf-1 proteins in all Flag-Raf-1-transfected cells.
Significant differences in biotinylated bound Raf-1 proteins
were observed for the different BirA*Ras co-transfections.
Notably, no biotinylated Raf-1 was detected in the absence
of BirA*Ras expression, and very little was detected with the
activation-impaired S17N mutant. In contrast, constitutively
active G12D BirA*Ras proteins efficiently biotinylated WT
Raf-1, and to a much lower degree, R89L Raf-1. WT
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Figure 6. Biotinylation of C-Raf proteins. Wild-type (wt) or mutant R89L (89L) C-Raf proteins were expressed alone in cells (none), or co-expressed
with the indicated BirA*Ras proteins. Total protein lysates were collected and biotinylated proteins were purified on streptavidin columns. Total
and bound samples were fractionated electrophoretically and blotted to detect Raf with an anti-Flag primary antibody, and a secondary alkaline
phosphatase-conjugated antibody, or biotinylated proteins with alkaline phosphatase-conjugated streptavidin. In the top panels, Raf and Ras proteins
are as indicated, as are the endogenously biotinylated pyruvate carboxylase (PC), proprionyl-CoA carboxylase (PCC), and methylcrotonyl-CoA
carboxylase (MCC) proteins. The bottom panel indicates bound C-Raf protein levels, relative to bound wt C-Raf protein levels from cells co-
expressing G12D BirA*Ras, averaged from two independent experiments. 



Bir*Ras proteins also biotinylated Raf-1, albeit with a lower
preference for WT Raf-1 than G12D BirA*Ras. Interestingly,
the farnesylation-defective C185S/G12D variant also
biotinylated Raf-1, again with a preference for WT versus
R89L Raf-1. While our results are consistent with the notion
that Raf-1 can not bind to inactive K-Ras (Ras-GDP), and
that R89L Raf-1 is impaired for Ras binding (29), they also
suggest that the farnesylation-minus, but GTP-binding
C185S/G12D variant is capable of Raf-1 binding. These
results are consistent with previous observations that a
G12V/C186S H-Ras mutant forms a stable complex with Raf
in the cytosol (84). 

Identification of cellular K-Ras-interacting proteins.
Identification of cellular K-Ras-interacting proteins was
achieved by purification of biotinylated proteins from mock
transfected cells and from cells expressing the four BirA*Ras
variants. Purified proteins were protease-digested, and
subjected to liquid chromatography dual mass spectrometry
(LC-MS/MS) sequencing. From all mock and BirA*Ras
samples, a total of 1,557 proteins were identified. Proteins
that appeared in mock samples at levels greater than one
tenth the averaged spectral hit numbers for the BirA*Ras-
expressing samples were designated as background proteins.
A list of these background proteins is available on request. 

After background protein subtraction, our list of
biotinylated proteins (available on request) included 748
members: 440 were found in the G12D sample, 410 in WT,
447 in S17N, and 383 in C185S/G12D. We initially
examined these hits with respect to the numbers of proteins
that were biotinylated by different combinations of the BirA*
variants, and compared the numbers to what would be
predicted if the biotinylation patterns were independent.
Interestingly, 122 proteins were biotinylated by all four

BirA* variants, higher than predicted by random assortment.
We also observed that the number of proteins biotinylated
only by the C185S/G12D variant (116 proteins) was much
higher than random assortment prediction. Similarly, we
observed a higher than random assortment predicted number
of proteins (133 proteins) that were biotinylated by the three
farnesylation-positive variants (G12D, WT, S17N), but not
by the C185S/G12D protein. These differences reflect the
localization differences observed in our fluorescence and
subcellular fractionation experiments.

When biotinylated proteins from transfected cells were
classified according to protein class ontology, several groups
were observed (Figure 7). These included cytoskeletal,
adhesion/junction, membrane/membrane traffic, modulator,
kinase/phosphatase, as well as nucleic acid binding/
transcription and other proteins. Not surprisingly, the subset of
proteins biotinylated by the G12D, WT and S17N, but not by
C185/G12D was enriched for membrane and membrane traffic
proteins (Figure 7). In contrast, proteins solely biotinylated by
the C185/G12D variant were markedly enriched in nucleic acid
binding and transcription proteins, and these results are
discussed in more detail in the Conclusions section. 

To extend our observations, we examined K-Ras protein
interactions in human AsPC-1 pancreatic cancer cells, that
express the G12D version of K-Ras (56). For these studies,
we transduced AsPC-1 cells with the G12D BirA*Ras variant
via lentivirus vector infection (see Methods). Individual
AsPC-1 clones were isolated by limiting dilution, screened
for BirA* expression and rescreened to compare transgene
BirA*Ras and endogenous K-Ras expression levels. On this
basis, we picked three clones, clones C3, D1 and D2 for
analysis. As shown in Figure 8, the three clones respectively
express G12D BirA*Ras proteins at roughly 0.6, 1.2, and 0.1
times the endogenous G12D K-Ras expression levels. 
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Figure 7. Classification of biotinylated proteins in transfected HEK293T cells. Proteins from the whole set of biotinylated proteins (748 total), from
the set of proteins that were biotinylated all variants except the double mutant (WT+G12D+S17N; 133 total), or from the proteins that were
biotinylated only by the C185S/G12D BirA*Ras variant (116 total) were classified according to the Panther classification system based on protein
class ontology. Note that relative to the whole set, the WT+G12D+S17N set is enriched for membrane/membrane traffic proteins, while the
C185S/G12D set is enriched for nucleic acid binding/transcription proteins. 



Proteins biotinylated by BirA*Ras proteins in AsPC-1
clone C3, D1, and D2 cells were identified by LC-MS/MS
sequencing as described above. Proteins were designated as
background hits if the normalized spectral hits for the C3
plus D1 clones were less than five, or less than ten times the
number of spectral hits for the parental AsPC-1 cell line: a
list of these background proteins is available on request.
After background subtraction, fifty-six putative BirA*Ras
interacting partners were identified (Table I). These proteins
were characterized by high normalized spectral count
numbers in AsPC-1 clones C3 and/or D1, and zero or low
values for the parental AsPC-1 cell line, and clone D2, which
expressed very low levels of BirA*Ras, relative to K-Ras
(Figure 8). The majority of biotinylated proteins in AsPC-1
cells were identified as putative K-Ras-interacting partners
in transfected HEK293T cells. Noteworthy abundant AsPC-
1 hits included the giant, putative tumor suppressor protein
AHNAK (67), but also multiple cell surface signaling
proteins, including EGFR, integrin β1, mucin 13, ephrin and
its receptor, and CD44. These results are discussed below. 

Discussion

We have modified the promiscuous biotin ligase tagging
system (42-4, 85-88) to analyze the protein interaction
networks of the G12D, WT, S17N, and C185S/G12D K-Ras
proteins. As shown, our chimeric BirA*Ras proteins were
expressed as expected, localized as predicted, and their
localization patterns matched the patterns of the proteins they
biotinylated (Figures 1-4). K-Ras proteins also have been
reported to oligomerize (17, 20, 89-91), and we observed that
WT, G12D, and S17N BirA*Ras proteins biotinylated WT
pAMCherry1-KRas proteins in trans (Figure 5). These results
are of interest in the context of data that show both GDP-
bound and GTP-bound K-Ras proteins oligomerize in cells
(20). The C185S/G12D protein did not biotinylate WT
pAMCherry1-KRas proteins (Figure 5), presumably because
it did not localize with the target protein, or because
oligomerization elements in the C-terminal K-Ras HVR were
impaired (17, 20). We also examined BirA*Ras protein
interactions with the Raf-1 effector protein in transfected cells
(Figure 6). As expected, the constitutively active G12D
BirA*Ras protein interacted with Raf-1 as indicated by the
strong biotinylated WT Raf-1 signals in co-transfected
samples. Also as expected, the inactive S17N BirA*Ras
protein failed to biotinylate Raf-1, while WT BirA*Ras
biotinylated Raf-1 at lower levels than the G12D protein.
Interestingly, the C185S/G12D BirA*Ras protein yielded
higher levels of Raf-1 biotinylation than did the WT Ras
variant. Given that the C185S/G12D protein is expected to be
in the GTP-bound form (5, 10-11, 84), it is perhaps reasonable
to expect K-Ras/C-Raf binding in a co-transfection system, as
was observed for G12V/C186S H-Ras binding to Raf (84).

However, because C185S/G12D BirA*Ras failed to induce
focus formation (Figure 4), these results support the notion
that K-Ras triggering of the RAF-MEK-ERK cascade not only
requires Ras-Raf binding, but requires that the binding occur
in the proper subcellular membrane location.

Our sequencing results of transfected cells identified 748
proteins that were biotinylated by at least one of our
BirA*Ras variants. Biotinylated proteins appeared to be
enriched for cytoskeletal, adhesion/junction, membrane/
membrane traffic, modulator, kinase/phosphatase, nucleic
acid binding/transcription and other proteins (Figure 7).
Relative to mock-transfected cells, 122 proteins were
biotinylated by all four BirA*Ras variants. These included
100 proteins that were identified at roughly equal levels in all
four BirA*Ras samples, but also 22 that were identified at
least three-fold higher levels in the WT, G12D, and S17N
BirA*Ras samples than in the C185S/G12D BirA*Ras
sample. Of the 100 proteins that were identified at roughly
equal levels in all BirA*Ras samples, fourteen (protein ID:
41, AFAD, AHNK, CD2AP, CDV3, IF4B, IF4G1, IF5,
FLNA, LYRIC, PERQ2, SYEP, TPR, XRN1) were previously
observed to have been biotinylated by the BirA*-tagged
myristoylated HIV-1 structural (Gag) protein that assembles
at the PMs of infected cells (44): these proteins presumably
are involved in common pathways of Gag and K-Ras protein
expression, regulation, or trafficking. Concerning the 22
proteins that were biotinylated by all four BirA*Ras variants
but were identified at reduced levels in the C185S/G12D
sample, these were similar to the 133 proteins that were
biotinylated only by the WT, G12D and S17N variants, in that
they were enriched for membrane and membrane traffic
proteins (Figure 7): these results suggest that the localizations
of K-Ras-GTP and GDP are at least partially overlapping. In
contrast, proteins that were biotinylated only by the
C185S/G12D variant were greatly enriched for nucleic acid
binding and transcription proteins (Figure 7). This
observation may simply represent the anomalous localization
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Figure 8. BirA*Ras levels in AsPC-1 clones. K-Ras and BirA*Ras
protein levels in the AsPC-1 parent cell lines and clones D1, C3, and
D2 were determined by immunoblotting with a K-Ras antibody, and
densitometric quantitation of protein levels. Ratios indicate the levels
of transgene expression relative to endogenous K-Ras expression, and
were 0.6, 1.2, and 0.1 respectively for the D1, C3, and D2 clones. 



of the mutant K-Ras protein in the nucleus as a consequence
of its potentially karyophilic, lysine-rich C-terminal sequence.
However, H-Ras has been shown to localize to cell nuclei in
a cell cycle-dependent fashion (93). Moreover, p19 H-Ras has
been shown to bind to both the tumor suppressor protein
p73β and its repressor, MDM2, enhancing p73β signaling
(94). While current data concerning K-Ras nuclear
localization are unclear (95-6), it would seem worthwhile to
examine its potential nuclear activities. 

Perhaps the most interesting associations of K-Ras in
transfected cells are those with surface signalling proteins,
kinases and ligases, and G proteins, GEFs, and GAPs. Over
forty surface signaling proteins were biotinylated by at least
one of the BirA*Ras variants. The vast majority of these
were identified at higher levels with the G12D, WT, and
S17N variants than with the C185S/G12D variant. Also of
note is that the EGFR was biotinylated by all the membrane-
associated BirA*Ras variants, as were other RTKs, including
the Ephrin type-A receptor 2, and Plexin. Integrin β1
similarly interacted with BirA*Ras proteins, consistent with
its role as a downstream Ras modulator (68-9). Other notable
interactions with surface molecules included component 2 of
the progesterone receptor (70), the putative tumor
suppressors Robo1 (roundabout homolog 1; (71)) and nectin-
2 (Poliovirus receptor-related receptor 2; (72)). Over fifty
kinases or phosphatases were biotinylated by at least one of
the BirA*Ras proteins. Our co-transfection experiments
indicated that activated BirA*Ras proteins biotinylated Raf-
1 whereas the S17N variant did not (Figure 6), and thus it
was not surprising that biotinylated Raf-1, A-Raf and B-Raf
proteins were detected by LC-MS/MS from cells expressing
the activated BirA*Ras proteins. A significant number of
kinases and phosphatases were biotinylated at higher levels
for the membrane-targeted BirA*Ras variants than for the
C185S/G12D mutant, reflecting the localization preferences
of these enzymes (73). Along with surface signalling
proteins, kinases, and phosphatases, G proteins and their
activators and exchange factors also were biotinylated by
BirA*Ras proteins. K-Ras itself was readily biotinylated as
a domain of the chimeric BirA*Ras proteins (Figure 1) and
served as a cell sample biotinylation control. Another
GTPase identified at roughly 10% the levels of K-Ras, was
Septin-9, a breast cancer marker involved in cytokinesis (74).
We also detected a number of GTPase-activating proteins,
including the Ras GAPs, GAPD1 and nGAP (RASAL2), and
GAPs for Rho, Rac, and Ral proteins (DOCK7, RHG21,
SLIT-ROBO, RGPA1, RHG01). Conspicuously absent from
our list is the major K-Ras GEF, SOS (1-9), which is
expressed in HEK293T cells (75). We currently do not know
the reason for the lack of SOS biotinylation by any of our
BirA*Ras proteins, but we do note that the Abl interactor 1
protein, which forms a complex with EPS8 and SOS (76)
was detected in all our BirA*Ras LC-MS/MS biotinylation

spectra. We also note that Raf biotinylation levels, while
observed, were lower than what might have been expected,
possibly due to endogenous Raf expression levels and/or the
relative accessibility of target Raf lysine residues. 

To extend our observations, we decided to examine
proteins that interact with the K-Ras in pancreatic cancer
cells. To do so, clones that expressed G12D BirA*Ras
proteins at similar levels to the AsPC-1 endogenous G12D
K-Ras protein were selected. These clones, C3, D1 and D2
respectively expressed BirA*Ras proteins at 1.2-, 0.6- and
0.1-times the levels of the endogenous K-Ras proteins
(Figure 8), and were subjected to LC-MS/MS sequence
analysis of biotinylated proteins. As shown in Table I, a total
of fifty-six host cell proteins were biotinylated preferentially
in the C3 and D1 AsPC-1 cell clones. Of these, the majority,
but not all proteins were biotinylated by at least one
BirA*Ras variant in transfected HEK293T cells. This
supports the notion that K-Ras interacts with a set of
common proteins across multiple cell types, but also with
certain partners in a cell type-dependent context. In AsPC-1
cells, the protein with the highest spectral count is the giant
(600-700 kDa) AHNAK protein, which was biotinylated by
BirA*Ras proteins in HEK293T cells, and also by a BirA*
tagged HIV-1 structural protein (44). One probable reason
AHNAK and its sister protein AHNAK2 were identified in
our study is that they both present large biotinylation target
sizes. However, both are plasma membrane-associated, and
have been observed to be up-regulated in certain cancers,
including pancreatic cancers (77). 

As is evident from Table I, the majority of BirA*Ras-
biotinylated proteins in AsPC-1 cells were cytoskeletal
proteins or plasma membrane proteins. Biotinylated
cytoskeletal proteins included protein 4.1, the band 4.1-like
protein, adducins, filamin A, myosin 9, and cortactin; and
likely reflect the localization of K-Ras proteins at the
cytoskeleton-cell surface interface. Plasma membrane
proteins included several transporters (AAAT, AT1A1,
AT2B1, NHRF1), but predominantly signaling and cell
juncture/adhesion molecules. Not surprisingly, the EGFR
was a major biotinylated protein, but we also observed
significant biotinylation of the RTK ephrin A2, as well as the
ephrin B1 ligand, both of which have been associated with
a variety of cancers (78). Interestingly, a significant number
of cell juncture/adhesion proteins were biotinylated,
including mucin 13; integrins β1, β5, and α6, CD44, catenin
δ, desmoglein, the coxsackie virus and adenovirus receptor,
and the 4F2 cell-surface antigen heavy chain (Table I). All
of these have been identified as potential cancer biomarkers
(79-83, 92), but their specific interactions with K-Ras and
contributions to the progression of pancreatic cancers have
yet to be thoroughly elucidated. We anticipate that analysis
of these and other K-Ras interactions in pancreatic cancer
cells, and in other cancers will be worthy of further scrutiny. 
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