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Isolation of protein complexes via affinity-tagged proteins provides a powerful tool for studying
biological systems, but the technique is often compromised by co-enrichment of nonspecifically
interacting proteins. We describe a new technique (I-DIRT) that distinguishes contaminants from bona
fide interactors in immunopurifications, overcoming this most challenging problem in defining protein
complexes. I-DIRT will be of broad value for studying protein complexes in biological systems that can
be metabolically labeled.
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Introduction

Advances in rapid isolation techniques and mass spectro-
metric identification of protein complexes have produced a
plethora of protein interaction data.1-5 Researchers are now
faced with the challenge of determining which of these interac-
tions are specific or nonspecific to the complex under study.
Protein complexes are now routinely immunoisolated from cell
lysates via an affinity-tagged member.4,6-10 These technologies
have become widely utilized in S. cerevisiae due to the relative
ease of incorporating a genomic tag by homologous recombi-
nation, and also to the commercially available TAP-tag collec-
tion of dual affinity-tagged proteins.11 The immunoisolation
technique is an exceptionally powerful method for rapidly and
efficiently extracting a protein complex from cell lysate under
conditions that preserve in vivo protein interactions. Neverthe-
less, a common problem is the co-enrichment of proteins that
associate nonspecifically with the affinity-tagged complex. To
attenuate nonspecific interactions, researchers often vary the
stringency of the isolation conditions; however, increased
stringency often results in the loss of specific protein-protein
interactions (and does not guarantee complete removal of
contaminants). Protein specificity has classically been moni-
tored by enrichment during purification12 and more recently
with isotopic chemical-labeling,13 but these procedures do not
allow one to differentiate contaminants from true interactors
prior to enrichmentsand in practice, enrichment procedures
are fraught with artifacts.

We have therefore developed a technique termed Isotopic
Differentiation of Interactions as Random or Targeted (I-DIRT),
which differentiates specific from nonspecific protein interac-
tions prior to enrichment, allowing us to distinguish between
them at the analytical step. We illustrate the utility of this

approach for the characterization of a yeast DNA polymerase
ε complex isolated under nonstringent conditions.

Experimental Section

Yeast Strains and Growth Conditions. S. cerevisiae strains
are from the W303 background. One strain contained a Protein
A (PrA) affinity tag at the C-terminal coding sequence of the
POL2 open reading frame.7 The POL2-PRA strain was grown
in synthetic complete medium to mid-log phase at 30°C,
harvested by centrifugation and frozen as pellets in liquid
nitrogen (isotopically light cells). A wild-type strain was grown
in synthetic medium lacking lysine, which was supplemented
with 0.1 mg/mL DL-lysine-4,4,5,5-d4 2HCl (C/D/N Isotopes Inc)
to mid-log phase at 30°C, harvested by centrifugation, and
frozen as pellets in liquid nitrogen (isotopically heavy cells).
Isotopically light and heavy cells were mixed 1:1 (by weight),
disrupted with a Retsch MM301 mixer mill that was maintained
at liquid nitrogen temperature, and stored at -80 °C. A sample
of isotopically light cells alone was also disrupted and stored
at -80 °C.

Immunoisolation and Mass Spectrometric Identification
of Protein Complexes. Immunoisolation of Pol2-PrA and
associated proteins was performed as described except that the
stringency of the purification buffer was lowered by decreasing
the NaCl concentration to 100 mM rather than 300 mM.7 These
less stringent conditions were used to deliberately increase the
level of nonspecific associations with the Pol2-PrA-containing
complexes. We used 1 g of the mixture of lysed isotopically
light (POL2-PRA) and heavy (wild-type) cells for the immuno-
isolation. As a control, we performed an immunoisolation on
0.5 g of lysate from isotopically light POL2-PRA cells alone.

Protein complexes containing Pol2-PrA were resolved by
SDS-PAGE on 4-20% polyacrylamide gels (Invitrogen) and
visualized by Coomassie blue-staining.7 The entire gel lane (5.2
cm long) was sliced into 17 sections and proteins in each gel
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slice were identified by MALDI-mass spectrometry.14,15 Briefly,
a mass spectrum of tryptic peptides derived from each gel slice
was obtained with an in-house modified MALDI-Q-qTOF mass
spectrometer (Sciex Centaur, Concord, ON).14 All m/z values
with a signal-to-noise of >2 were subjected to MALDI-MS/
MS analysis with an in-house modified MALDI-ion trap mass
spectrometer (Finnigan LCQ, ThermoElectron Corp., San Jose,
CA).15 Single-stage and multi-stage mass spectrometric data was
used for protein identification with the programs XProteo
(www.xproteo.com) and X! Tandem (www.thegpm.org),16 and
confirmed manually for all peptides used in the present study.

Measurement of Isotopic Ratios. A list of tryptic peptides
containing at least one lysine residue was obtained for each of
the proteins identified from the mass spectrometric data (see
above). For each of these lysine-containing peptides, we used
the program M-over-Z to visualize a range of the single-stage
MALDI-mass spectrum that was large enough to display the
isotopically light lysine-containing peptide as well as the heavy
version of the peptide. The heavy version of the peptide will
be shifted from the light version by 4 Da increments per d4-
lysine. Using the M-over-Z program, we obtained monoisotopic
peak areas for the isotopically light (AL) and heavy (AH) peptides.
Peak areas were corrected by background subtraction. Since
the natural isotopic distribution of the light peptide may
overlap with the monoisotopic peak of the heavy peptide, we
further corrected AH with the theoretical isotopic overlap
determined from the program Isotopident (http://haven.isb-
sib.ch/tools/isotopident/htdocs/). We then used the corrected

AL and AH values to determine the percent of the peptide that
was isotopically light. These calculations are shown in eq 1:

The additional variables in eq 1 are as follows: AB ) back-
ground peak area; IO ) theoretical fraction of isotopic overlap
of the natural isotope peak from the light peptide with the
monoisotopic peak from the heavy peptide. In cases where
more than one lysine-containing peptide was identified for a
given protein, we report the average of the % light measure-
ments together with the standard deviation.

Results and Discussion

The I-DIRT Technique. The I-DIRT (Isotopic Differentiation
of Interactions as Random or Targeted) technique is outlined
in Figure 1A. Cells containing an affinity-tagged protein are
grown in light isotopic medium, while wild-type cells are grown
in heavy isotopic medium (here d4-lysine). Cells from the
isotopically light and heavy cultures are mixed at a 1:1 ratio by
cell weight. The heavy:light cell mixture is thoroughly blended
and lysed under cryogenic conditions. The isotopically light
affinity-tagged protein is immunoisolated on affinity resin. Co-
isolating with the affinity-tagged protein will be both specifically
and nonspecifically interacting proteins. The specifically in-
teracting proteins, which form their association with the tagged

Figure 1. I-DIRT procedure for determining specific members of a protein complex. (A) Cells containing an affinity-tagged protein are
grown in light isotopic medium, while wild-type cells are grown in heavy isotopic medium (d4-lysine). Equal quantities of these two
cell preparations are mixed and the affinity-tagged protein complex is isolated. After isolation of the affinity-tagged protein complex,
specific protein interactions are identified by mass spectrometry as isotopically light, while nonspecific interactions appear as a mixture
of isotopically light and heavy. (B) Examples of single-stage mass spectra of tryptic peptides from either specific (top) or nonspecific
(bottom) proteins. The 4 Da difference between the light and heavy peptides corresponds to d4-lysine labeling in the heavy cells.

% light )
(AL - AB)

(AL - AB) + ([AH - AB] - [IO × {AL - AB}])
x100

(1)
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protein prior to cell lysis, are exclusively light labeled. In
contrast, the nonspecific proteins, which form their association
with the tagged protein after thawing of the lysed mixture of
light and heavy cells, are both isotopically heavy and light
labeled. After isolation of the affinity-tagged protein complex
and trypsin digestion of the co-enriching proteins, specifically
interacting proteins are identified by mass spectrometry as
isotopically light, while nonspecifically interacting proteins
appear as a mixture of isotopically light and heavy (Figure 1B).

Preparation of Samples for I-DIRT. The I-DIRT procedure
requires an isotopically light and heavy preparation of cells
(Figure 1A). When incorporating a heavy isotope into cellular
proteins, one should choose an isotopically heavy metabolite
to produce a mass shift that will be readily resolved from a
light peptide by mass spectrometric analysis. For example,
choosing a heavy metabolite that yields a 1 Da mass difference
between a heavy and light peptide will produce mass spectra
that will be difficult to interpret due to the natural isotopic
distribution of the light peptide. Thus, we used d4-lysine, which
will produce a 4 Da difference between light and heavy single-
lysine containing peptides (or an 8 Da difference for peptides
containing two lysines). This 4 Da shift is readily distinguished
by our MALDI-QqTOF mass spectrometer (Figure 1B). To
produce an isotopically heavy yeast sample, we provided d4-
lysine as the only source of lysine to wild-type S. cerevisiae.
Wild-type yeast grown in the presence of d4-lysine only
incorporated isotopically heavy lysine into polypeptides (AJT
and BTC, unpublished observation). We cultured a sufficient
quantity of the heavy-labeled reference yeast (2 L) to allow for
multiple I-DIRT experiments with a variety of tagged strains.
Cells isolated by centrifugation were frozen as small pellets in
liquid nitrogen, and stored at -80 °C until needed for the
I-DIRT procedure.

A culture of yeast containing a C-terminal PrA tag on the
POL2 gene (POL2-PRA) was grown in synthetic complete
medium. These isotopically light cells, incorporating natural
lysine into its polypeptides, were collected by centrifugation,
frozen as small pellets in liquid nitrogen and stored at -80 °C.

To prepare a cellular lysate for immunoisolation with I-DIRT
analysis, we mixed wild-type (heavy) and affinity-tagged (light)
frozen cell pellets at a 1:1 ratio (by weight). This mixture of
light and heavy cells was cryogenically lysed in a mixer mill
maintained at liquid nitrogen temperature (Retsch MM301).
Care was taken to ensure that the cells did not thaw at any
stage of the grinding process. The resulting frozen mixture of
lysed heavy and light cells can be stored at -80 °C, and utilized
in aliquots for multiple immunoisolations with I-DIRT analysis.
A control lysate was also prepared from isotopically light POL2-
PRA cells alone.

Immunoisolation of Pol2-PrA with I-DIRT Analysis. To test
the I-DIRT method, we immunoisolated the DNA polymerase
epsilon (pol ε) catalytic subunit, Pol2, which was genomically
tagged with PrA.7 We and others have extensively studied this
polymerase and found that it is a stable complex of four
proteins: Pol2, Dpb2, Dpb3, and Dpb4.7,17 We have found that
immunoisolation of Pol2-PrA under stringent conditions (i.e.,
300 mM NaCl) yields the three other members of pol ε, but
also co-enriched lower levels of potentially nonspecific proteins
(including ribosomal and heat shock proteins).7 Here, we
deliberately decreased the stringency (100 mM NaCl) of the
Pol2-PrA immunoisolation to increase the level of potential
nonspecific proteins and assayed with I-DIRT for specific
protein interactions (Figure 2).

Two types of Pol2-PrA immunoisolations were performed:
(1) POL2-PRA (light) mixed with wild-type (heavy) cells and
(2) POL2-PRA (light) cells alone as a control. The proteins that
co-purified with Pol2-PrA were resolved by SDS-PAGE and
visualized by Coomassie blue-staining (Figure 2A). The entire
gel lane was sliced from top to bottom and proteins in each
gel slice were digested with trypsin. A mass spectrum of tryptic
peptides derived from each gel slice was obtained by MALDI-
QqTOF mass spectrometry (Figure 2B). All ion peaks with a
signal-to-noise of >2 were subjected to MALDI-ion trap MS2.
The resulting MS and MS2 data was used for protein identifica-
tion.

A list of tryptic peptides containing at least one lysine residue
was obtained for each of the proteins identified by mass
spectrometry. For each of these lysine-containing peptides, we
used the program M-over-Z to visualize a range of the single-
stage mass spectrum that was large enough to display the h4-
lysine-containing peptide as well as the corresponding d4-
lysine-containing peptide, should it be present (Figure 2B). For
each gel slice, we compared the mass spectra obtained in the
heavy:light and that from the light only immunoisolations. This
comparison allowed us to determine whether there were any
light peptide peaks that could potentially interfere with the
observation of a given putative heavy peptide component.

In the mass spectrum from the heavy:light immunoisolation,
the heavy peptide is shifted by 4 Da increments per d4-lysine.
We obtained monoisotopic peak areas for the isotopically light
and heavy peptides, and determined the fraction of the peptide
that was isotopically light (eq 1). If more than one lysine-
containing peptide was identified from a given protein, then
the average of the multiple measurements of the light fraction
was reported together with the standard deviation of these
measurements (Figure 2C).

The results of the I-DIRT analysis of the Pol2-PrA immuno-
isolation are shown in Figure 2C. If the percentage light for a
protein approaches 100%, then that protein has maintained
its interaction with Pol2-PrA from the isotopically light cells
and is therefore a specific interaction. If the percentage light
for a protein is ∼50%, then that protein has nonspecifically
associated with the Pol2-PrA complex during the immunoiso-
lation procedure (because there is a 50% chance that either an
isotopically light or heavy version of the protein in the mixed
tagged and reference cell lysate will nonspecifically bind). As
predicted, we observed specific interactions for the four known
components of pol ε (Pol2, Dpb2, Dpb3, Dpb4), while the
remaining proteins were found to associate nonspecifically.
Thus, we were able to identify all members of the pol ε protein
complex and distinguish them from nonspecific proteins under
nonstringent conditions.

We envision that there will also be intermediate cases, in
which a specifically interacting protein exchanges with a soluble
pool during immunoisolation. In such cases, the %light (eq 1)
will lie somewhere between 100% and 50% depending on the
equilibrium dissociation time constant; at 50% light a very
rapidly exchanging protein would be indistinguishable from a
contaminant. However, such occasional complications are
minimized by using short immunoisolation incubation times
(I. M. Cristea, R. Williams, B. T. Chait, M. P. Rout, submitted).

We also utilized the I-DIRT technique on the well-defined
Nup84 subcomplex of the nuclear pore complex,3,18 the Dpb4-
chromatin remodeling complex,7 and the GINS DNA replication
complex.19 As with the pol ε complex, we were able to
distinguish nonspecific proteins from the published complex
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members (data not shown), thereby validating the technique
on distinct protein complexes.

Conclusions
To elucidate the function of a given protein in a cell, it is

useful to determine its interacting partners. To probe such
interactions, researchers have increasingly turned to the isola-
tion of protein complexes via affinity-tagged proteins. Despite
the great power of the immunoisolation approach, the tech-
nique is compromised by the presence of nonspecifically
interacting proteins that co-enrich during purification. Here
we describe a straightforward technique termed I-DIRT (Iso-
topic Differentiation of Interactions as Random or Targeted)
to discriminate between specific and nonspecific proteins in
an immunoisolated protein complex (Figure 1A). The I-DIRT
procedure promises to become an essential component of
many immunoisolation protocols because of the following: (1)
it provides definitive identification of specifically interacting
proteins, (2) it does not compromise the immunoisolation or
mass spectrometric identification steps, (3) it uses a single
reference material applicable to multiple different immunoiso-
lations, and (4) it is straightforward to implement. Key to the
success of the present strategy is mixing and breakage of the
heavy and light cells prior to thawing, in contrast to strategies
that incorporate mixing and binding post-lysis.20-22

Another key advantage of I-DIRT is the ability to use
nonstringent immunopurification conditions to isolate a pro-
tein complex of interest (Figure 2). Immunoisolations under

nonstringent conditions (e.g., lower than physiological salt
concentrations and low levels of detergent) can result in co-
enrichment of nonspecific proteins (e.g., heat-shock or meta-
bolic proteins). To avoid these nonspecific protein associations,
researchers typically increase the stringency of the isolation
conditions until the nonspecific proteins are no longer present;
however, one cannot be certain whether the increased strin-
gency has resulted in the loss of specific protein-protein
interactions. I-DIRT allows for immunoisolations under non-
stringent conditions and therefore permits a researcher to
probe for more weakly bound or transient members of a
protein complex.

In the present study, we describe the addition of deuterium-
labeled lysine to medium used to culture S. cerevisiae; however,
multiple types of isotopically heavy additives (e.g., 13C, 15N) can
be utilized, depending on the organism under study and
whether identical chromatographic behavior is required for
labeled versus unlabeled peptides. Moreover, the method
should not be dependent on the manner of protein isolations

the complex can be purified either through a tag or an antibody
raised against an untagged member of the complex. Thus, the
I-DIRT procedure should be applicable to any biological system
that allows for the incorporation of a stable isotope into its
food supply, and the isolation of the protein complex of
interest.

Note Added after ASAP Publication. This manuscript was
originally published on the Web (08/25/2005) missing a sen-

Figure 2. Immunoisolation of Pol2-PrA with I-DIRT analysis. (A) Coomassie blue-stained gel of proteins co-enriching with Pol2-PrA
from a mixture of isotopically light POL2-PRA and isotopically heavy wild-type cells. The gel lane was sliced as indicated, and the
proteins were identified by mass spectrometry. (B) Representative mass spectra of tryptic peptides from a specific interactor with
Pol2-PrA (i.e., Dpb2) and a nonspecific contaminant (i.e., Rps3). C) Results of I-DIRT analysis for all the proteins observed in the gel.
The contaminants are revealed by virtue of their containing a 1:1 mixture of light and heavy isotopes; real interactors contain only
light isotopes.
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tence at the end of the first paragraph of the Conclusions
section (and its related references). The version published
09/20/2005 and in print is correct.
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