
Mass spectrometry-based footprinting of protein–protein
interactions

Christopher J. McKee, Jacques J. Kessl, Jocelyn O. Norris, Nikolozi Shkriabai, and Mamuka
Kvaratskhelia*
Center for Retrovirus Research and Comprehensive Cancer Center, College of Pharmacy, The Ohio
State University, 500 W. 12th Ave., 238 L.M. Parks Hall, Columbus, OH 43210, USA

Abstract
We present a high-resolution mass spectrometric (MS) footprinting method enabling identification
of contact amino acids in protein–protein complexes. The method is based on comparing surface
topologies of a free protein versus its complex with the binding partner using differential accessibility
of small chemical group selective modifying reagents. Subsequent MS analysis reveals the individual
amino acids selectively shielded from modification in the protein–protein complex. The current
report focuses on probing interactions between full-length HIV-1 integrase and its principal cellular
partner lens epithelium-derived growth factor. This method has a generic application and is
particularly attractive for studying large protein–protein interactions that are less amenable for
crystallographic or NMR analysis.
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1. Introduction
Protein–protein interactions established by HIV-1 integrase (IN) within the preintegration
complex (PIC) are essential for productive integration of the viral cDNA into human chromatin.
Dimeric and tetrameric forms of IN have been implicated in promoting its two catalytic
activities, 3′ processing and strand transfer, respectively [1–4]. IN is comprised of three-
domains, the N-terminal domain, catalytic core domain (CCD), and C-terminal domain. While
the atomic structures of the individual domains [5–9] and two-domain fragments [10,11] are
available, the intra- and inter-protein interfaces formed by full-length multimeric IN within the
catalytic complexes are for the most part unknown. Limited protein solubility at relatively low
ionic strength, as well as an inherent flexibility of the three-domain protein, has likely
contributed to the inability to solve the structure of the full-length HIV-1 enzyme.

Here, we present a mass spectrometric (MS) footprinting method that allows to probe in detail
interactions between full-length proteins within complexes that may resist rigorous structural
analysis like X-ray crystallography or nuclear magnetic spectroscopy (NMR). The application
of this approach for studying nucleic acid–protein interactions consistently revealed
biologically essential contact amino acid residues [12–15] and, as documented here, the method
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can be readily extended to examine protein–protein interfaces. MS footprinting provides a tool
to build upon available high-resolution structures of protein subdomains as “pieces of the
puzzle” to assemble a plausible molecular model for full-length protein–protein complexes.
By example, we provide details of the analysis of HIV-1 IN with its principal cellular binding
partner lens epithelium-derived growth factor (LEDGF), which is critically important for
effective integration [16–21]. The solution structure of the IN binding domain (IBD) of LEDGF
and its co-crystallization with the IN CCD have been reported [22,23]. However, mutagenesis
studies had indicated that contacts contributing to the high affinity interaction between full-
length IN and LEDGF extended beyond the inter-protein interfaces observed in the co-crystal
structure of isolated domains [24]. The MS-based approach detailed here enabled us to reveal
novel inter- and intra-protein contacts important for effective formation of the IN–LEDGF
complex [25].

2. Description of method
2.1. Overview

The experimental strategy is depicted in Fig. 1. The method exploits differential accessibility
of small chemical modifying reagents in free protein versus the protein–protein complex. To
identify IN residues essential for high affinity binding with LEDGF, free IN and the IN–
LEDGF complex are subjected to treatment by small covalent modifiers. Surface residues in
free IN and the complex are susceptible to modification, while the interacting amino acids in
the complex are shielded from modification. The concentrations of the modifying reagents are
carefully optimized in preliminary experiments to ensure mild modification conditions, under
which the integrity of the protein–protein complex is preserved. To recover only the LEDGF
bound form of IN from the reaction mixture, we use His-tag LEDGF and tag-free IN proteins.
Following the modification reactions, the IN–LEDGF complex and free LEDGF are recovered
from the reaction mixture using Ni-nitrilotriacetic acid (Ni-NTA) beads (GE Healthcare). The
separate control reaction, which interrogates IN protein in the absence of LEDGF, proceeds
without the affinity purification step. Following separation by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS–PAGE), the IN bands are excised and subjected to
in-gel proteolysis to generate peptide fragments amenable for MS experiments. Subsequent
MS analyses are conducted to compare the modification patterns of IN in its free form and in
the complex with LEDGF. The modified peaks persisting in both free IN and the complex
indicate accessible, surface-exposed residues, while the modified peaks observed in free IN
but effectively diminished in the complex reveal the amino acids specifically shielded via the
protein–protein interaction (Fig. 1).

2.2. Step-by-step protocol
2.2.1. Modification of surface-exposed Lys residues

1. Recombinant HIV-1 IN and LEDGF proteins are purified following their expression
in Escherichia coli using established procedures [24,26]. Prepare and analyze the
following two reactions in parallel: free IN and IN–LEDGF complex. Should protein
stocks contain amines (for example, Tris), dialyze the preparations against non-amine
buffers such as phosphate, Hepes, borate, or carbonate. HIV-1 IN modification
reactions are carried out in buffer containing 50 mM Hepes, pH 8.0, 250 mM NaCl,
10 mM MgCl2. Prepare a stock solution of 1 µM IN in one tube, and a stoichiometric
mixture of 1 µM IN and 1 µM LEDGF in the other tube. The total volume of each
reaction is 25 µl. Incubate the reactions at room temperature for 30 min to allow
formation of protein–protein complexes.

Add 2.5 µl of a freshly prepared aqueous solution of 10 mM sulfo-N-
hydroxysuccinimide (NHS)-biotin (Pierce) to both reactions. Incubate the reactions
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at 37 °C for 30 min. Note that these reaction conditions were optimized by examining
the effects of varying NHS-biotin concentrations (0.1–10 mM) on the IN–LEDGF
interaction using a Ni-NTA pull-down assay [24]. The highest concentration of NHS-
biotin that did not disturb IN–LEDGF complex formation was selected for the
footprinting analysis.

Quench the reactions by adding 2.5 µl of 3 M Na-acetate, pH 5.0, containing 1 M Lys
in its free form. Spin the samples at 1000g for 2 min to remove any precipitation.

For the sample containing free IN, proceed to the Section 2.2.4, while for the IN–
LEDGF complex, follow the protocol presented in Section 2.2.3.

2.2.2. Modification of surface-exposed Arg residues
1. Prepare and analyze the following two reactions in parallel: free IN and IN–LEDGF

complexes in buffer containing 50 mM Hepes, pH 8.0, 50 mM boric acid, 250 mM
NaCl, 10 mM MgCl2. Place 1 µM IN in one tube and mix 1 µM IN with a
stoichiometric amount of LEDGF in the other tube. The total volume of each reaction
is 25 µl. Incubate the reactions at room temperature for 30 min to allow formation of
protein–protein complexes.

Add 2.5 µl of a freshly prepared aqueous solution of 200 mM p-hydroxyphenylglyoxal
(HPG) (Pierce) to both reactions. Incubate the reactions in the dark at 37 °C for 60
min. As indicated above for NHS-biotin, these conditions were optimized by
examining the effects of varying HPG concentrations (0.1–50 mM) on IN–LEDGF
complex formation.

Quench the reactions by adding 2.5 µl of 3 M Na-acetate, pH 5.0, containing 1 M Arg
in its free form. Spin the samples at 1000g for 2 min to remove any precipitation.

For the sample containing free IN, proceed to the Section 2.2.4; the next section
describes the protocol for analyzing the IN–LEDGF complex.

2.2.3. Affinity pull-down of protein–protein complexes
1. In separate eppendorf centrifuge tubes, prepare 20 µl of Ni-NTA resin for each

reaction. For this, wash the beads three times with 400 µl of pull-down buffer: 50 mM
Hepes, pH 7.1, 150 mM NaCl, 2 mM MgCl2, 35 mM imidazole, 0.1% w/v Nonidet
P40. Following the washes, spin the mixtures at 1000g for 1 min, discard the
supernatants, and use the beads in the next step.

Add 400 µl pull-down buffer to the NHS-biotin (Section 2.2.1) and HPG (Section
2.2.2) treated IN–LEDGF complexes, and apply the mixtures onto the pre-washed
Ni-NTA beads. Incubate the reactions on a shaker for 1 h at room temperature.

Centrifuge the mixtures at 1000g for 2 min, remove the supernatants, and wash the
resin twice using 650 µl pull-down buffer each time. Discard the pull-down buffers
and add 16 µl of an aqueous solution of 50 mM dithiothreitol (DTT) and 50 mM
EDTA to the beads.

2.2.4. Capping Cys residues, SDS–PAGE separation of interacting proteins, and
in-gel proteolysis—From this step forward, treat all samples including free IN and IN–
LEDGF complexes identically.

1. Add 2 µl 20% SDS and 0.2 µl 1 M DTT to each sample, and incubate the reactions
for 20 min at 70 °C to unfold the proteins.

McKee et al. Page 3

Methods. Author manuscript; available in PMC 2010 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Cap Cys residues by adding 2.5 µl of a freshly prepared aqueous solution of 1 M
iodoacetamide and incubating the reactions for 45 min at room temperature.
Terminate the capping reactions by adding 2.5 µl 1 M DTT.

Add SDS–PAGE loading buffer (Invitrogen) to the samples and heat the mixtures at
95 °C for 10 min. Perform SDS–PAGE separation of the proteins.

Following electrophoresis, stain the gel with Microwave Blue stain (Protiga). Once
the proteins are clearly visible, transfer the gel to a clean glass plate.

Excise the IN bands, slice each band into about four pieces with a clean scalpel, and
transfer the slices to a 1.5 ml tube. Add 500 µl 50 mM ammonium bicarbonate and
500 µl 100% acetonitrile to each Eppendorf tube, and shake them at 200 rpm for at
least 4 h to destain.

Carefully remove the destain solution without touching the gel slices. Add 1 ml of 50
mM ammonium bicarbonate. Vortex for 1 min, spin briefly, and discard the solution.
Repeat twice.

Add 200 µl pure acetonitrile to each sample. Shake the samples for 15 min or until
the gel slices are white and shrunken. Spin the samples and carefully remove the
acetonitrile. Lyophilize the gel slices in a SpeedVac at 45 °C for 15 min or until dry.

While drying the samples, prepare the trypsin solution. First, prepare a stock solution
(0.2 µg/µl) of modified sequencing grade trypsin (Roche) in 10 mM HCl. Immediately
prior to use, dilute the stock solution 20-fold with 50 mM ammonium bicarbonate,
pH 8.0. Add 50 µl trypsin solution to each dried gel slice. Allow ~15 min for the gel
slices to soak up the solution. If needed add 50 mM ammonium bicarbonate, pH 8.0
to fully cover the gel slices. Spin briefly and place the samples on a shaker for
overnight at room temperature.

The next day, add 150 µl pure acetonitrile to each digestion, and immediately vortex
the samples for 5 min.

Centrifuge the tubes at 1000g for 2 min, and carefully remove 180 µl supernatant
without touching the gel slice. Transfer the solution into 500 µl micro-centrifuge
tubes.

Dry the peptide mixtures completely using vacuum desiccation at medium heat (45 °
C).

Add 10 µl HPLC grade water to each sample. At this stage, the samples are ready for
MS analysis.

2.2.5. Mass spectrometric analysis
1. Prepare the matrix solution: dissolve α-cyano-4-hydroxycinnamic acid (Sigma) to 5

mg/ml in 75% (v/v) acetonitrile. Thoroughly vortex the mixture and centrifuge at
10,000g for 5 min.

Apply 0.7 µl of each sample onto a MALDI plate, and immediately mix with 1.7 µl
matrix solution by pipetting the mixture up and down several times. Air dry the
samples at room temperature (~15 min). These samples can now be analyzed by a
MALDI-ToF instrument.

Use a MALDI-ToF instrument equipped with a curved field reflectron feature (Kratos
Analytical Instruments, Manchester, U.K.) in the reflectron mode to analyze the
samples.
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The assignment of the peptide peaks is accomplished by comparing monoisotopic
mass/charge values for the detected peaks with the theoretical profile of IN tryptic
fragments, which is generated by the MS-Digest program of the ProteinProspector
search engine (http://prospector.ucsf.edu/). The experimental mass/charge
measurement for a given peptide has to be within ±0.1% of the corresponding
theoretical value. Mass increments of 226 and 132 Da are considered for assigning
NHS-biotin and HPG modified peptides, respectively. Note that modified Lys and
Arg residues are not readily amenable to trypsin hydrolysis. Therefore, the modified
peptides are very likely to contain one or more missed cleavage sites, with the
corresponding number of modified groups attached to Lys and/or Arg residues.

To verify the amino acid sequence, a select peptide peak is subjected to post source
decay analysis by activating the respective feature in the MALDI-ToF instrument.
The obtained results are analyzed using the MS-Seq program of the Protein Prospector
search engine.

For quantitative comparison of modifications in free protein and protein–protein
complexes, use at least two unmodified prote-olytic peptide peaks as controls.

3. Concluding remarks
Protein-protein interactions play a vital role in numerous biological processes. Like HIV-1 IN,
high-resolution structural data are available for many individual protein domains, while
biologically-relevant large multi-protein complexes may be less amenable to crystallographic
and NMR analysis. Our MS footprinting approach, which has unveiled important protein–
protein interactions that occur during HIV-1 integration [25], can be readily adopted for other
protein-based interaction systems. Our methodology importantly allows the examination of
protein–protein interactions using limited amounts of starting materials. While amine buffers
such as Tris should be avoided in the reactions with NHS-biotin, the modification buffers could
include any of a wide variety of components that contribute to stability and solubility of large
protein–protein complexes. Preliminary functional analyses should precede the footprinting
experiments to determine the optimal modification conditions under which the integrity of the
complexes is preserved. The above Lys and Arg footprinting could be augmented by probing
other residues. For example, commercial reagents are available for surface topology analysis
of Cys, His, Tyr, and Trp residues [27].
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Fig. 1.
Schematic of the MS-based protein footprinting method. The structures of the IN CCD and its
complex with the LEDGF IBD are used for illustration, while the experiments were performed
with full-length IN and LEDGF. In parallel experiments free IN and the complex are subjected
to treatments by small chemical modifiers (M) and analyzed as described in the text.
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