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Abstract

Defining protein-protein contacts is a challenging problem and cross-linking is a promising solution. Here, we
present a case of mitochondrial single strand binding protein Rim1 and helicase Pif1, an interaction first observed in
immuno-affinity pull-down from yeast cells using Pif1 bait. We found that only the short succinimidyl-diazirine cross-
linker or formaldehyde captured the interaction between recombinant Rim1 and Pif1. In addition, Pif1 needed to be
stripped of its N-terminal and C-terminal domains, and Rim1’s C-terminus needed to be modified for the cross-linked
product to become visible. Our report is an example of a non-trivial analysis, where a previously identified stable
interaction escapes initial capture with cross-linking agents and requires substantial modification to recombinant
proteins and fine-tuning of the mass spectrometry-based methods for the cross-links to become detectable.

We used high resolution mass spectrometry to detect the cross-linked peptides. A 1:1 mixture of N and
“N-labeled Rim1 was used to validate the cross-links by their mass shift in the LC-MS profiles. Two sites on Rim1
were confirmed: 1) the N-terminus, and 2) the K29 residue. Performing cross-linking with a K29A variant visibly
reduced the cross-linked product. Further, K29A-Rim1 showed a five-fold lower affinity to single stranded DNA
compared to wild-type Rim1. Both the K29A variant and wild type Rim1 showed similar degrees of stimulation of Pif1
helicase activity. We propose structural models of the Pif1-Rim1 interaction and discuss its functional significance.
Our work represents a non-trivial protein-protein interface analysis and demonstrates utility of short and non-specific

cross-linkers.
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Introduction

Pifl is a highly conserved eukaryotic helicase [1], which has
nuclear and mitochondrial forms [2], and is involved in maintenance
of telomeric, ribosomal, and mitochondrial DNA. Its function is
important for suppressing genomic instability associated with non-
canonical DNA structures and stalled replication forks [3,4]. Also,
it is essential for normal mitochondrial function in the presence of
DNA damaging agents [5]. Despite its importance, Pifl’s mechanism
of action, its targets and protein interaction partners in mitochondria
are poorly defined. Recently, we discovered that Pifl interacts strongly
with the mitochondrial single-stranded DNA binding protein (SSB),
Riml, and provided a detailed functional characterization of this
interaction [6]. Riml is essential for respiratory growth [7]. Using
unwinding assays we have demonstrated that Riml stimulates the
Pifl helicase activity in vitro. Apart from our report [6], the Pifl-Rim1
interaction is not mentioned in any other literature and is absent from
major protein-protein interaction (PPI) databases. In fact, when we
queried PPI databases (PINA database [8], iRefIndex database [9], and
the STRING database [10]), Rim1 was found only amongst the second
degree neighbors of Pifl in yeast. In humans, the closest structural
homolog of Rim1 is mtSSB, which in found only within the third
degree neighbors. Table 1 compares the network properties of Pifl and
Riml (mtSSB in human) in yeast and human PPI networks. It follows
that Pifl is more functionally important in the yeast PPI network
compared to human PPI network based on the scoring of protein
networks. Pifl scores higher by several fold in degree and betweenness
(betweenness measures the extent to which a vortex lies on paths
between other vertices) centralities, and also the higher number of

second degree neighbors. Based on centrality measures, Rim1/mtSSB
is more functionally important than Pifl in both organisms. In the
human PPI network, mtSSB is more central than Rim1 in the yeast PPI
(as judged by higher betweenness). Because of the clear importance of
this interaction for mtDNA maintenance, we decided to capture the
interaction between recombinant proteins and to determine amino
acid residues at the interaction interface.

Chemical cross-linking mass-spectrometry (CXMS) is used for
establishing identities of interacting proteins, mapping of protein-
protein interaction (PPI) interfaces, and as a structure analysis tool
[11,12]. In practice, however, the CXMS analysis is difficult, especially
on the large scale: 1) not all interactions are captured due to the
possibility that the modifiable amino acid residues (e.g. lysines) may
not be in close proximity; 2) cross-linked peptides might have poor
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Property Yeast Human
Rim1 (mtSBB) degree neighbor relative to Pif1 2 3
Number of shortest paths between Pif1 and Rim1 9 27
Pif1, degree centrality 89 9
Pif1, betweenness 2006 9
Pif1, second degree neighbors 4574 896
Rim1 (mtSSB), degree centrality 160 42
Rim1 (mtSSB), betweenness 11295 24102

Table 1: Network properties of Rim1 and Pif1 in yeast and human PPI network.

ionization properties because positively charged lysine side chains
have been modified and, as a consequence, have lower intensity in
the presence of linear peptides; 3) overall abundance of cross-linked
peptides is low compared to non-cross-linked ones; 4) abundance of
peptides representing inter-protein cross-links is still lower compared
to intra-protein cross-links. Thus far these challenges have been
addressed by 1) testing a panel of cross-linkers of various lengths and
chemo-selectivities (reviewed in [12]); 2) using heavy and light version
of cross-linker to distinguish cross-linked peptides from unmodified
peptides using the isotopic mass shift (for an example, see reference
[13]); 3) using '®O incorporation to label peptide C-termini [14,15]
(cross-linked peptides will have at least two C-termini corresponding
to the 8 Da mass difference between '°O and '*O forms); 4) using affinity
handles, click chemistry conjugation, and MS-labile groups to enrich
and detect the cross-linked species [16-18]; 5) using chromatography
and acquisition conditions, which exploit the higher average length
and charge of the cross-linked species [19,20].

In our recent review article, we argued that short, broadly specific
cross-linkers, could yield more coverage of an interactome compared
to long, chemo-selective cross-linkers, and could allow mapping of
individual protein-protein interaction interfaces [12]. We also noted
major analytical challenges that need to be solved for such a strategy
to be successful. One such challenge is the increase in computational
expense if one allows for non-specific cross-linking (i.e. insertion of a
cross-link at any amino acid residue). Another challenge is related to
the inaccessibility of affinity handles and/or MS-cleavable groups due
to the short length of the cross-link. For the analysis of the interaction
between a pair of proteins, it is relatively easy to design a cross-link
search algorithm, which uses a pair-wise combination of peptides to
constrain the masses of possible cross-linked precursors (reviewed in
[12]) . In the current report we use StavroX [21] as part of our strategy
to identify cross-linked peptides and to define the position of the cross-
linking sites between Pifl and Rim1. We use a short cross-linker based
on NHS-diazirine chemistry (succinimidyl 4,4’-azipentanoate, SDA)
to capture the interaction. SDA is a 3.9 A-short cross-linker, which
cross-links free amino-group groups on one protein (via succinimidyl
reaction) to any amino-acid on the other protein (via UV-driven
decomposition of the diazirine to a reactive carbene). Recently, Gomez
et al. used the 13.5 A-long, cleavable NHS-diazirine cross-linker,
SDAD to study cross-linking of model peptides and equine myoglobin
[22]. As expected, the NHS-diazirine captured more interactions
compared to the lysine-to-lysine cross-linker of the similar length.
Similarly, diazirine-labeled amino acid analogues [23] in combination
with high-resolution mass spectrometry have been successfully used to
map protein-protein interactions at zero-length [24]. Aside from these
papers the descriptions of NHS-diazirine cross-linking chemistry and
practical applications of SDA-derived cross-links has been scarce. In
addition to the detailed characterization of the Rim1-Pifl interaction,
our current report provides a methodology, applicable to difficult-to-
detect cross-linked protein pairs.

Methods

Materials

The following materials were purchased from ThermoFisher
Scientific or its subsidiaries: HPLC-grade acetonitrile, formic acid,
HEPES, Tris,NaCl, EDTA, BSA, MgClz, SDS,KOH, B-mercaptoethanol,
acrylamide, bisacrylamide, formamide, xylene cyanol, bromphenol
blue, urea, glycerol, SDA cross-linker, formaldehyde, DSS, Gel-Code
blue stain, and Zeba-Spin Desalting columns for buffer exchange.
ATP, poly(dT), Sephadex G-25, zymolyase T20, and protease inhibitor
cocktail for use with fungal and yeast extracts were obtained from
Sigma. “N-ammonium chloride was obtained from Chembridge
Isotopes. [y-**PJATP was obtained from Perkin-Elmer Life Sciences.
All the DNA oligonucleotides were obtained from Integrated DNA
Technologies (IDT), purified using denaturing polyacrylamide gel
electrophoresis, and quantified by UV absorbance at 260 nm. Epoxy
(M270) Dynabeads and pre-cast 5-15% gradient gels were purchased
from Life Technologies.

Yeast strains and growth conditions

S. cerevisiae BY4741 parent strain and PIF1:TAP-HIS3 BY4741
strain (C-terminal TAP-tag) were grown in YPG medium (1% yeast
extract, 2% bacto-peptone, 3% glycerol) until the mid-log phase. The
cells were harvested by centrifugation and frozen as pellets using liquid
nitrogen.

Yeast mitochondria isolation

Yeast mitochondria was isolated from the BY4741 strain grown
on YPG medium until the mid-log phase using the spheroplast/
zymolyase method according to [25]. The yeast cells were harvested by
centrifugation for 5 min at 3000 x g, and the cell pellets were resuspended
in DTT buffer, 2 mg per g (wet weight) cells (100 mM Tris/H2504 (pH
9.4), 10 mM dithiothreitol) followed by incubation in a shaker at 70 rpm
for 20 min, 30°C. Next, the cells were collected by centrifugation for 5
min at 3000xg, and resuspended in Zymolyase buffer, 7 ml per g (wet
weight) cells (20 mM potassium phosphate (pH 7.4), 1.2 M sorbitol)
and pelleted again. The cell pellets were resuspended in the Zymolyase
buffer for the second time, and Zymolyase-20T) 5 mg of Zymolyase-20T
per g (wet weight) cells) was added to the cell suspension. The cells with
Zymolyase were incubated at 70 rpm in a shaker for 30 min at 30°C.
Next, the spheroplasts were pelleted by centrifugation for 8 min at 2200
x g at 4°C and resuspended in the ice-cold homogenization buffer (10
mM Tris/HCI (pH 7.4), 0.6 M sorbitol, 1 mM EDTA, 0.2% (w/v) BSA),
6.5 ml per g (wet weight) cells. The sheroplasts were homogenized in a
glass homogenize with 15 strokes followed by removal of the unbroken
cells, nuclei, and large debris by centrifuging for 5 min at 1500 x g at
4°C. Next, the resulting supernatant was centrifuged for 5 min at 3000
x g at 4°C, and then for 15 min at 12,000 x g at 4°C. The resulting pellet
- crude mitochondrial fraction - was resuspended in 3 ml of ice-cold
SEM buffer (10 mM MOPS/KOH (pH 7.2), 250 mM sucrose, 1 mM
EDTA). The crude mitochondrial fraction was purified further using
the sucrose step gradient (60%, 32%, 23%, 15%) by Centrifugation in a
Beckman SW41 Ti swinging-bucket rotor for 1 h at 134,000 x g (33000
rpm) at 4°C. The band at the 60-32 interface was collected and the pure
mitochondria were pelleted at 10,000 x g for 30 min at 4°C.

Affinity purification of Pifl-interacting proteins from yeast

From the frozen yeast pellet, the Pifl-interacting proteins were
precipitated using a protein A antibody conjugated to epoxy M270
Dynabeads as described in [6,26]. Briefly, yeast cells were harvested by
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centrifugation and resuspended in IP buffer (20 mM HEPES, pH 7.4,
2 mM MgCl,, 300 mM NaCl, 0.1 % tween-20, with protease inhibitor
cocktail added), 5 ml per g (wet weight) cells. The suspension sonicated
for 10 min using bench-top Polytron homogenizer at maximum speed
and rotated at 4°C for 1 hr. Cell debri were removed by centrifugation
at 3000 x g, and the supernatant mixed with the protein A antibody-
conjugated M270 Dynabeads followed by 4-hr incubation at 4°C, with
gentle rotation. The beads were collected by magnet and washed 5
times with the IP buffer. The beads were boiled with the SDS gel loading
buffer for 5 min, and the proteins were resolved by SDS-PAGE.

Afhinity purification of ssDNA-interacting proteins

Biotinylated oligonucleotides (T ,-BioTEG, 200 pmol) were
attached to M280 Streptavidin Dynabeads (1 mg) in 5 mM Tris, 0.5
EDTA, and 150 mM KCI, pH 7.5 (buffer R) and washed three times
with buffer R to remove the unbound species. Next, the beads were
resuspended in the 20 mM Tris, pH 7.5, 300 mM KCl, 0.1% Tween
with protease inhibitor cocktail added (buffer P). Cellular lysate was
added and the mixture was rotated at 4°C for 4 hrs. Next, the beads
were collected and washed 5 times with the buffer P.

DNA binding

Polarization of fluorescein labeled ssDNA was measured to
determine the binding affinity of wild type and mutant Rim1 at 25°C
in 25 mM HEPES pH 7.5, 50 mM NaCl, 10 mM MgClz, 0.1 mM
EDTA, 2 mM B-ME, and 0.1 mg/mL BSA. A solution containing 1
nM of 3’-fluorescein T70 (3’F-T70) was incubated with increasing
concentrations of Riml. Fluorescence polarization values for the
experiment were collected using a PerkinElmer Life Sciences Victor*V
1420 with excitation and emission wavelengths set to 485 nm and 535
nm, respectively. Fluorescence polarization was converted to anisotropy
and plotted versus concentration of SSB using KaleidaGraph. The data
was fit to the Hill equation to obtain a Hill Coefficient and K , value.

Multiple turnover DNA unwinding

Partial duplex substrate 70T30bp was prepared and radiolabeled
on the displaced strand as described (27). All concentrations listed are
after mixing. The unwinding experiments were performed at 25°C in a
buffer containing 25 mM HEPES pH 7.5, 50 mM NaCl, 10 mM MgClZ,
0.1 mM EDTA, 2 mM B-ME, and 0.1 mg/mL BSA. Reactions contained
2 nM DNA substrate and 5 mM ATP and were initiated upon the
addition of 100 nM Pifl and 60 nM unlabeled displaced strand to trap
the unwound loading strand. Unwinding experiments in the presence
of SSB proteins were performed by preincubating 100 nM Rim1 protein
(tetramer) with a mixture containing 2 nM substrate and 5 mM ATP
for 5 minutes prior to addition of 100 nM Pifl and 60 nM unlabeled
displaced strand. At the desired times, aliquots of the reaction mixture
were transferred to the quench solution (200 mM EDTA, 0.6% SDS,
0.1% bromphenol blue, 0.1% xylene cyanol, 6% glycerol, and 112 uM
T70). The role of the T70 was to sequester proteins after the reaction.
The substrate and ssDNA product were resolved on a 20% native
polyacrylamide gel. Radiolabeled substrate and product were detected
using a Typhoon Trio PhosphorImager (GE Healthcare) and quantified
using ImageQuant software. The amount of product formed over time
was plotted using KaleidaGraph and fit to a single exponential.

Recombinant proteins

Recombinant helicase domain of Pifl, full-length Pifl, and Rim1-
C-terminal 6xHis proteins used in this work were purified as described
in [6]. K29A Rim1-C-terminal 6xHis mutant was purified from E. coli,

using the same isolation protocols as for wild-type Rim1, established
in [6]. Throughout the article, we call Rim1-C-terminal 6xHis as wild-
type Riml, and K29A Rim1-C-terminal -6xHis as K29A Riml. The
proteins without 6xHis tag as labeled as “no-tag”, when appropriate.

15N labeled Rim1

To metabolically label Rim1, E. coli expressing Rim1 was grown
on media prepared with "N-ammonium chloride as the sole source
of nitrogen [28]. The “N-labeled Riml was purified according to
the previously established protocol [6]. Briefly, M9 media for E.Coli
growth was prepared with "N-ammonium chloride. E. coli strain BL21
was transformed with the the Rim1 - 6xHis construct. The cells were
grown to OD_ 0.8 in the "N media and the production of the Rim1
was cold-induced with IPTG at 20°C. The cells were harvested after
12 hr of incubation at 20°C, lysed in a microfluidizer, and the Rim1
protein was isolated using Talon Metal Affinity Column.

Cross-linking reactions

Prior to the cross-linking experiments, recombinant proteins
purified from E. coli were thawed on ice, and using the Zeba Spin
Desalting columns, the storage buffer was exchanged to the cross-
linking reaction buffer (25 mM HEPES, 100 mM NacCl, 10% glycerol,
pH 7.5). In all of the cross-linking reactions, the final concentrations
of Pifl (monomer) and Rim1 (tetramer) were 2.5 uM and 3 pM. The
following panel of cross-linkers was used in this work: disuccinimidyl
suberate  (DSS), 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide
(EDC), formaldehyde, and succinimidyl 4,4’ -azipentanoate (SDA). The
cross-linking was performed as follows:

Formaldehyde: Recombinant Rim1 and Pifl were mixed in 28 pL
of the cross-linking buffer and incubated for 15 minutes at 30°C. Next,
2 uL of appropriately diluted formaldehyde stock was added to result
in 0.1 to 1% final formaldehyde concentrations. The reactions were
carried out for an additional hour at 30°C and quenched by addition of
10 pL of 4x SDS loading buffer.

SDA: To a 2x stock of the protein to be reacted at the first step
in the cross-linking buffer (5 uM in the case of Pifl, 6 uM in the case
of Rim1) SDA stock solution in DMSO was added (50 uM SDA and
0.5% DMSO final concentrations). The NHS reaction was carried out
at 25°C for 30 min followed by addition of 1M Tris, pH 8.0 (50 mM
final Tris) followed by an additional incubation at 25°C for 5 min. Next,
to remove the unreacted cross-linker, the buffer was exchanged with
the fresh cross-linking buffer using Zeba Spin Desalting columns. 90-
95% percent protein recovery was verified by Bradford assay. For the
second step of the SDA-cross-linking reaction, an equal volume of the
2x protein stock to be reacted was added to the NHS-reacted mix. UV-
cross-linking was performed in Stratalinker 1800 using coated bulbs
(365 nm emission maximum) at a 2 cm distance from the bulbs, in
black, flat-bottomed 96-well plates. 4x SDS buffer was added to the
reactions and reaction products were resolved by 5-15% gradient SDS-
PAGE.

DSS: Recombinant Pifl and Rim1 were mixed in the cross-linking
buffer at a 1:1.2 ratio. A 100 mM stock of DSS was prepared in DMSO
and added to the reaction mixture, to a final concentration of 2.5 mM.
The reaction was incubated at room temperature for 40 minutes, with
rotation. Next, the reaction was quenched addition of 1M Tris, pH 8.0
(50 mM final Tris). Next, to remove the unreacted cross-linker, the
buffer was exchanged with fresh cross-linking buffer using Zeba Spin
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Desalting columns. 4 x SDS loading buffer was added to the sample,
and the reaction products were resolved by 5-15% gradient SDS-PAGE.

EDC: The two-step protocol, suggested by the manufacturer
(Thermo) was used for the EDC cross-linking reaction. Rim1 was
prepared in the activation buffer (100 mM MES, 100 mM NaCl,
pH 6), and EDC was added to a final concentration of 2 mM. Next,
N-hydroxysuccinimide was added to a final concentration of 5 mM.
The reaction mixture was incubated for 15 min at room temperature
and quenched by the addition of 20 mM beta-mercaptoethanol
(final concentration). The buffer was exchanged to cross-linking
buffer using Zeba Spin Desalting columns and Pifl was added to the
mixture. The reaction was incubated for 1 hour at 30°C. Next, 10 mM
of hydroxylamine was added to 10 mM (final concentration) followed
by 5 min incubation at 30°C. The excess reagents were removed by the
second exchange into cross-linking buffer. 4 x SDS loading buffer was
added to the sample, and the reaction products were resolved by 5-15%
gradient SDS-PAGE.

RPLC-LTQ-Orbitrap mass spectrometry. Large-scale protein
identification

The conditions and acquisition settings listed in this section
were used for the analysis of TAP-tagged Pifl purification, ssDNA-
interacting proteins, and mitochondrial proteome analyses. Protein
gel bands were excised and subjected to in-gel trypsin digestion by
the following procedure. Gel slices were destained in 50% methanol,
100 mM ammonium bicarbonate for 1 hr, followed by reduction
in 10 mM Tris[2-carboxyethyl]phosphine and alkylation in 50 mM
iodoacetamide. Gel slices were then dehydrated in acetonitrile,
followed by addition of 100 ng porcine trypsin in 100 mM ammonium
bicarbonate and incubation at 37°C for 12-16 hours. Peptide products
were then acidified in 0.1% formic acid. Tryptic peptides were separated
ona 100 x 0.075 mm reverse phase column using a nanoAcquity UPLC
system (Waters). Peptides were eluted using a 30 min gradient from
98:2 to 40:60 buffer A:B ratio. [Buffer A = 0.1% formic acid, 0.05%
acetonitrile; buffer B = 0.1% formic acid, 75% acetonitrile.] Eluted
peptides were ionized by electrospray (1.9 kV) followed by MS/MS
analysis using collision induced dissociation on an LTQ Orbitrap Velos
mass spectrometer (Thermo). MS data were acquired using the FTMS
analyzer in profile mode at a resolution of 60,000 over a range of 375
to 1500 m/z. MS/MS data were acquired for the top 15 peaks from each
MS scan using the ion trap analyzer in centroid mode and normal mass
range with normalized collision energy of 35.0. Proteins were identified
by database search using PEAKS Studio v7 [29]. Protein database
contained yeast protein sequences downloaded from the UniProt
database (release version 2013_04) concatenated with the list of
common contaminants (keratins). Identification score thresholds were
adjusted to yield 1% false positive of the peptide-to-spectrum matches.
A score of 20 corresponded to a 1% peptide false discovery rate in most
data sets. Post-translational modifications (PTMs) were determined
using the PEAKS routine Spider. Modified spectra discussed in the text
were required to have PTM-specific fragment jons to be higher that 5%
of the base peak intensity and the identification score above 40.

NanoLC-LTQ-Orbitrap mass spectrometry. Identification of
cross-linked peptides

To detect the cross-linked peptides, the LTQ-Orbitrap parameters
were modified from the large-scale method: 1) the three most
intense precursors were subjected to MS/MS analysis — each of the
precursors was analyzed consecutively by HCD (higher-energy

collision dissociation) detected in Orbitrap analyzer at a resolution
of 7500, and CID detected in ion trap analyzer; 2) Each sample was
run twice, the first time allowing all the charges, and the second time
allowing only precursors of charge 4 and higher to be fragmented;
3) precursor selection intensity threshold was set to 5000; 4) for the
"*N-labeled samples only the HCD fragmentation of the 10 most
intense precursor ions at 7,500 resolution was used. Initial data refining
and deconvolution of highly-charge fragments was performed by Peaks
Studio 7 [29]. The refined spectra were exported as MGF files, followed
by the searches by StavroX v2.0.6 and xComb (Supplemental Figure 4B)
[31]. For the searches of ’N-labeled data-sets, the alphabet of amino-
acids was expanded with their *N-versions, and protein databases
were modified accordingly to include both versions of Rim1. Different
characters were used for the Rim1 lysine residues to account for the
directionality of SDA cross-link (i.e. lysine-to-any). For the StavroX
searches protein databases contained only Pifl and Riml sequences.
The database for the '*N-labeled analysis contained both *N- and *N
-labeled Rim1 sequences. ’N-labeled data was also searched by PEAKS
Studio 7, treating Rim1 peptides as variable modifications with either
"N or *N-labels occurring at any position.

Identification of Pifl-interacting proteins using spectral
counting

For the purpose of determining significant Pif] interactors, we used
the spectral counting approach [30,31] and G-test of independence
[32] comparing spectral counts in the whole cell lysate, to the proteins
in the TAP-tag pull-down [6]. Bonferroni correction for the multiple
hypothesis testing was used and the proteins with the p-values below
5% significance threshold were called significant. When a protein was
absent in one of the conditions, about 7-to-10 spectral counts (the exact
number of counts differs between replicates and depends on the total
number of protein IDs) in the other condition corresponded to the 5%
significance threshold.

Protein-protein interaction network analysis

PPI data for human and yeast (discussed in the introduction
section of this manuscript) were generated using Bioconductor cisPath
package (R version 3, and cisPath version 1.4.6) and the PINA database
[8], the iRefIndex database [9], and the STRING database [10].

Model of Pif1 structure

Pifl structure was built using homology-modeling software
SWISS-MODEL [32].

Protein structure visualization

To construct, manipulate, and visualize the model of Rim1-Pifl
interactions we used PyMOL (The PyMOL Molecular Graphics System,
Version 1.6.0.0 Schrodinger, LLC).

Results

Capturing Pifl-Riml interaction using chemical cross-
linking

Amongst several different cross-linkers, we found that only
formaldehyde and the short-length hetero-bifunctional cross-linker
SDA were capable of capturing the interaction of the recombinant
Rim1 and Pifl (Supplemental Figure 1). Moreover, for a cross-link to
be visible on the gel, Pif] had to be stripped to its helicase domain, and
Rim1 had to have a 6xHis tag at the C-terminus. Mass spectrometric
detection of peptides cross-linked by formaldehyde is difficult due to
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its broad specificity, poorly defined end products, thermal instability,
and reversibility of the cross-link. SDA, on the other hand, forms
well-defined end products and hence is more amenable to the CXMS
analysis. The first step of SDA reaction involves modification of a
reactive lysine with N-hydroxy-succinimide ester (NHS), and the
second involves photo-activation which results in the non-specific
cross-linking to any amino-acid in the vicinity of the reactive carbene
radical. We found that the Rim1-Pifl hetero-dimer is captured only
if we use Rim1 first for the lysine modification in the NHS-reaction,
followed by addition of Pifl for the non-specific UV-cross-linking
(Figure 1C). If SDA is reacted with Pifl first, we see only Pif] oligomers
(Figure 1B). The Rim1-Rim1-Pifl band (Figure 1C, arrow) contained
134 and 359 spectral counts derived from Rim1 and Pifl, respectively.
The Rim1-Pifl band (Figure 1C, open triangle) contained 181 and 573
spectral counts derived from Rim1 and Pifl, respectively. Adjusting for
the protein constructs length (Rim1 - 127 amino acids, Pifl- 586 amino
acids) results in the 1.72 Rim1:Pif1 ratio for the Rim1-Rim1-Pifl band
and in the 1.46 Rim1:Pifl ratio for the Rim1-Pifl band. The protein
concentrations were determined by Bradford assay and the equivalent
amount of proteins were loaded into each lane.

Pif1-Rim1 interaction is lost in the presence of ssDNA

Figure 1D shows that the Pifl-Rim1 heterodimer band is lost in
the presence of ssDNA; performing the reaction in the presence of
T,, abolishes the interaction. We used two different conditions: 1)
Rim1 and Pifl mixed together, with T, added (shown); 2) Rim1 pre-
incubated with T, first. In both cases, there was no cross-link captured.
This result indicates that the Rim1-DNA interaction is favored over its
interaction with Pifl and is possibly mediated by the same sites. This is

A B C D

97kD

60K Dl

30kD

Exposure 0O’ 5 10" 15 5 10 15 5 5’

Figure 1: Rim1-Pif1 heterodimer detected with the SDA cross-linker.
Rim1 and Pif1 proteins were cross-linked with SDA using a 2-step procedure
(see Methods). The reaction products were resolved on 5-15% gradient SDS-
PAGE. Open triangle marks the position of Rim1-Pif1 heterodimer. Filled
triangle marks the position of Rim1-Rim1 homodimer. Arrow points to the
position of Pif1 bound by two molecules of Rim1. A, Rim1 and Pif1 without
cross-linker. The Pif1 and Rim1 isoforms used in this work localize at 60 kD
and 15 kD regions, respectively. B, lanes 1-3, Pif1 was reacted with SDA first,
followed by addition of Rim1 and UV irradiations. C, lanes 71-3, Rim1 was
reacted with SDA first, followed by the addition of Pif1 and UV irradiation. D,
lane 1 — same reaction conditions as in C, lane 2 — ssDNA (T70) was added
prior to cross-linking with SDA. UV exposure times at the second step of cross-
linking are indicated, in minutes.
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Figure 2: Identification of Pif1-Rim1 interaction site using SDA cross-
linking. The charge-deconvoluted tandem MS/MS spectrum obtained using
HCD fragmentation from the precursor at 643.078 m/z is shown. Mass deviation
from the theoretical mass was 4.83 ppm. The precursor retention time was
29 min, which is close to the expected value, based on the hydrophobicity
of the cross-linked peptides. Mass deviation of the fragments was within 20
ppm, on average. Possibility of one C'* atom was allowed in calculations of
the mass deviation. The most intense ions and the ions indicative of cross-link
fragmentation were annotated by StavroX, xComb, and manually. Fragments
contacting cross-links are shown in bold. Fragments used to identify the cross-
linked residue on Rim1 are marked with (**). For the details of StavroX and
xComb annotations see Supplemental Figure 4. Stavro score was 109, with
the 5% false discovery rate corresponding to the score above 68, according to
the Stavro decoy analysis (Supplemental Figure 4, C). Greek letters a and
B correspond to the cross-linked peptides from Rim1 and Pif1, respectively.
Fragments related to the loss of the cross-link are marked with asterisk (*).
Letter ‘M’ notes precursor-related ions

consistent with our previously reported apparent dissociation constants
for Rim1 with Pifl compared to Rim1’s interaction with ssDNA [6].
It is also possible that the conformation of the Rim1-Pifl interaction
changes upon binding to ssDNA, thereby reducing the crosslinking
reaction. Interestingly, Figure 1D also shows that the amount of Rim1
dimer in the cross-linking reaction is reduced in the presence of ssDNA
(indicated by closed triangle). The reduction in dimer is possibly due to
inaccessibility of DNA-bound Rim1 to the cross-linking agent.

Identification of two different interaction sites

Figure 2 shows an HCD tandem mass spectrum of the SDA
cross-linked peptide pair representative of the Rim1-Pifl interaction,
obtained from the analysis of Pifl-Riml heterodimer. The StavroX
identification score was 109, higher that the 5% false positive rate score
threshold, 68, determined by the decoy analysis (Supplemental Figure
4C). Fragments with masses corresponding to the fragmentation of the
cross-links were verified manually (because StavroX does not account
for the cross-link fragmentation) and are marked with *’ on the Figure
and provide additional confidence to the cross-link assignment. The
original annotation by StavroX is shown in Supplemental Figure
4A. The observed retention time is consistent with the predicted
hydrophobicity of the cross-linked pair. Across multiple experiments,
the average retention time of the YLKSIASQPR peptide with the dead-
end cross-link (SDA+H,0, Amass of 100.05 Da) on the lysine was 19.7
min, while the average retention time of the unmodified LGNIDDETER
peptide was 13.5 min. The cross-linked peptide pair eluted at 29.0 min,
which is closed to the predicted retention time of 33 min calculated
using the sequence specific retention time calculator [33]. The analysis
suggests that Rim1’s residue K29, within the YLKYSIASQPR peptide
is cross-linked to one of the acidic residues within the LGNIDDETER
peptide of Pifl.

The second interaction site was identified by using *N-labeled
Riml and cross-linking was performed with a 1:1 "N:“N mixture.
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Using this method, the N-terminus of Rim1, the MDFSK peptide was
shown to be cross-linked to Pifl. StavroX identified both N and *N
versions of this cross-linked peptide pair (with the scores of 143 and
163, respectively, and the 5% false discovery score threshold was 74),
but no fragmentation ions were visible from the MDFSK portion. If
one treats MDFSK as a post-translational modification, possible at any
position, it is also easily identifiable by PEAKS (Figure 3). While in the
"*N-labeling experiment we did not see the site determined in Figure 2,
we note that it does not necessarily mean it is not there; it could simply
mean that the peptide has poor ionization properties at the particular
point in its LCMS profile.

K29A-Rim1 mutant reduces the amount of captured Rim1-
Pif1 heterodimer

How important is the K29 residue for the Rim1-Pifl interaction?
Because the K29 site (Figure 2) was not confirmed by N labeling, and
could potentially represent a spurious non-specific interaction, we

decided to validate this interaction by mutating lysine to alanine at that
position. The gel in the Figure 4 demonstrates that approximately half
of the interaction was lost, judging by the intensity of the respective
band. The mass-spectrometric analysis of the Rim1-Pifl heterodimer
region, as well as of the Rim1-Rim1 dimer band confirmed the K-to-A
replacement. There were no cross-linked species identified from the
Rim1-Pifl hetero-dimer in this experiment. This result is consistent
with two interaction sites between Pifl and Rim1. A K29A mutation on
Rim1 decreases but does not eliminate appearance of the cross-linked
species. The product observed from cross-linking K29A Rim1 and Pifl
is likely due to the second interaction site on Rim1 at the N-terminus,
which escaped the detection this time due to low quantity of the Rim1-
Pifl heterodimer.

K29A mutant shows reduced capacity for ssDNA binding

Figure 5A demonstrates that the K-to-A substitution of the
29™ residue of Riml results in diminished ssDNA binding, with K,
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Figure 3: 'N-labeling reveals the interaction of Pif1 with the N-terminus of Rim1. “N and "®N-labeled Rim1 proteins were mixed with Pif1 and cross-linking using
SDA was performed. De novo sequencing followed by matching to a sequence database using PEAKS Studio platform revealed Pif1 peptide cross-linked to the Rim1
N-terminal peptide, MDFSK. A, B, The N-terminal peptide of Rim1 has 6 nitrogen atoms, resulting in a visible isotopic doublet in MS spectra. The isotopic doublet
shown is the sum of MS spectra over 2 min elution window. C, Sequence coverage map, annotated by PEAKS: MDFSK sequences does not contribute ions to the
cross-linked spectra, and when treated as a non-specific modification results in multiple hits clustered around AIEDENE region, indicate by “#” (**N), and by “X” ("°N).
Oxidation of methionine is labeled with shaded “0”. D,E Two high scoring MSMS spectra are shown: "®N-labeled and “N-labeled, as indicated. Masses of y20, y18,
and y17[2+] fragments are indicated. F, The sequence of Pif1 isoform used in this work, with the peptide cross-linked to MDFSK highlighted.
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increasing from 1.7 to 10 nM. The cooperativity in binding is also
increased in the K29A Rim1 mutant. The Hill coefficient increases from
1.7 for wtRim1 binding to ssDNA to 3.7 for K29A Rim1 binding. This
could be due to the decreased affinity for ssDNA with the K29A mutant
making the affinity of Riml for itself stronger, relative to ssDNA,
leading to the appearance of increased cooperativity in binding.

K29A Rim1 stimulated Pifl helicase activity

Previously, we established that Rim1 stimulates the Pifl helicase
activity [6]. Figure 5B shows that the K29A Riml is still almost as
effective as wild type Rim1 in the stimulation of the Pifl. This result is
in contrast to the reduction of ssDNA binding of the K29A Rim1 and
indicates that the two activities, ssDNA binding and stimulation of Pifl
helicase activity, are independent. This is consistent with crosslinking
results that indicate that the Rim1-Pifl interaction competes with the
Rim1-ssDNA interaction (Figure 1D). The specific mechanism by
which Rim1 stimulates Pif] helicase activity remains to be determined.

Mitochondrial proteome

We are interested in the interaction of Rim1 and Pifl, which are
both known mitochondrial proteins. We therefore, sought to obtain
a reference mitochondrial proteome. We isolated mitochondria from
S. cerevisiae cells grown on YPG media, and performed a proteomics
survey using the standard proteomics method (SDS-PAGE, in-gel
digestion, followed by LTQ-Orbitrap mass spectrometry). The list of
proteins identified with PEAKS Spider at 1% false discovery rate for
the peptide-to-spectrum matches is presented in Supplemental Table
1. Notably; Rim1 was identified with 168 and 246 spectra in replicates
1 and 2. Certain peptides were clearly more visible than others. In the
case of recombinant Riml, as expected, modification with a 6xHis
tag at the Riml C-terminus dramatically increases the C-terminus
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Figure 4: K29A-Rim1 mutant shows reduced cross-linking with Pif1.
Lanes 1,3,5, Wt-Rim1 is cross-linked with the helicase domain of Pif1 using
SDA (conditions are the same as in Figure 1D). Lanes 2,4,6, K29A-Rim1
mutant is cross-linked to helicase domain of Pif1. The positions of the cross-
linked Rim1-Pif1 pair and of the cross-linked Rim1 homo-dimer are indicated
by single and double asterisk, respectively. The amount of total protein loaded
into each lane is indicated below the gel image.
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Figure 5: A, Binding of wt Rim1 and K29A Rim1 to 3'-FT, was measured
by polarization. Data were fit with the Hill equation to obtain a K  of 1.7 nM
For wt Rim1 and 10.0 nM for K29A Rim1. Binding of K29A Rim1 was highly
cooperative, with a Hill coefficient of 3.7. The Hill coefficient for wt Rim1 binding
was 1.7. B, Effect of Rim1 on Pif1 catalyzed DNA unwinding. Unwinding of
a 30bp duplex by Pif1 was measured in the presence and absence of Rim1.
Data was fit to a single exponential to obtain unwinding rate constants of 0.036
s, 0.025 s, and 0.0073 s for unwinding by Pif1 + wt Rim1, Pif1 + K29A
Rim1, and Pif1 alone, respectively.

visibility in the MS (e.g. Supplemental Figures 2,3). At the same time,
Pif1 protein was not found in this analysis.

Affinity purification of Pifl-interacting proteins from yeast
grown on glycerol media

Previous experiments that yielded Rim1 as a strong Pifl interactor
were performed with cells grown on sucrose, and using a lower
resolution mass spectrometry platform (MALDI-TOF) [6]. Here, we
repeat those experiments with yeast grown on glycerol as a sole carbon
source (thereby enforcing functional mitochondria). Additionally,
we are using a more sensitive and more accurate mass-spectrometry
platform (LTQ-Orbitrap-Velos). Also, in [6], we detected Rim1 with
only one peptide that was used for quantification via the i-Dirt method
[26] Our goals here were 1) to increase Riml sequence coverage,
2) to map Rim1’s PTMs, and also 3) to capture other potential Pifl
interactors.

We performed the pull-down using two biological replicates,
compared the proteins in the pull-down to the proteins in the cytosol,
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and calculated percentage enrichment using adjusted spectral counts.
Table 2 shows the most significant Pifl interactors, which include
Riml1.

Discussion

Mass spectrometric detection of the products of the short-
length broad specificity cross-linking reaction

Therehavebeenveryfewreportsdescribingdetailed characterization
of cross-linked peptides that also include site assignment, obtained
using a short non-specific cross-linker, such as SDA (non-specific at the
second step). In our work we demonstrated the possibility of analyzing
such peptides without resorting to any enrichment or other cross-link
specific detection parameters, other than high charge filter. We observe
that cross-linked species typically have LC-MS intensities 10 to 100
fold lower than the base peak. While low, this is still well within the
dynamic range of modern mass spectrometers. We also have attempted
ETD, without success - as the signal-to-noise ratio was inadequate for
identification of cross-linked species. To further advance the method
to the large scale, it could be beneficial to perform the trypsin digestion
in the presence of '®O-labeled water, which leads to incorporation
of 4 *O-atoms into the cross-linked species, as opposed to just two,
in the case of linear peptides. It is important to have good precursor
intensity and to account for any asparagine to aspartate conversion,
while using this method. In addition, **O labelling often suffers from
potentially incomplete labeling and back-exchange from O to 'O,
which will generate a mix of '*O and 'O peptide C-terminal. This will
further complicate the data analysis and lower intensity of the cross-
linked peptides. When attempted, we were not able to detect *O-atom
incorporation into the Rim1-Pifl cross-links, because the precursor
intensities were low (not shown).

Bioinformatics pipe-line for the cross-link identification

Data refinement proved to be important for the cross-link detection
- specifically deconvolution of the initial peak list, so that fragments in
MS/MS are recalculated to the charge 1+ state. This is a default feature
of PEAKS Software Suite 7; we used the spectra refined by PEAKS for
all other downstream analyses. Deconvolution enhances confidence in
the site identification dramatically, compared to the non-deconvoluted
spectra, as does using the quality filter.

Rim1-Pifl interaction was not captured with chemo-selective
cross-linkers DSS and EDC

We did not observe the Rim1-Pifl heterodimer using DSS cross-
linker, which cross-links primary amino groups (Supplemental
Figure 1, lane 18). There are two possibilities why this was the case: 1)
there is no suitable pair of primary amino groups at the appropriate
distance in the Rim1-Pifl interaction interface; or 2) DSS interferes
with the interaction. The reason for the absence of the Riml-Pifl
cross-linked product in the case of reaction with the the amino-to-
carboxy cross-linker EDC (Supplemental Figure 1, lanes 19,20) is
less obvious. Indeed, according to the analysis of the SDA cross-
linked product, cross-linking occurs between the 3-rd lysine residue
of Rim1’s peptide YLKYSIASQPR and the 7-th glutamate in the Pif'1
peptide LGNIDDETER (Figure 2, Supplemental Figure 4). Therefore,
there are amino- and carboxy- groups at a short distance that should
be available for the EDC reaction. However, the possibility, that the
cross-linker itself disrupts the interaction remains - it is possible the
o-Acylisourea modification, which occurs at the first step of the EDC
reaction destabilizes the Rim1-Pifl heterodimer.

The two sites of Rim1-Pifl interactions

Figure 6 shows the model of the Rim1-Pifl interaction. The Pifl

Accession ? Description®

S
P01870 RABIT Ig gamma chain C region 4
PO7271 DNA repair and recombination protein PIF1 0.1
P07259 Protein URA2 17
P35732 RNA polymerase |l degradation factor 1 44
P07342 Acetolactate synthase catalytic subunit, 0.1

mitochondrial

P53297 PAB1-binding protein 1 0.1
P08566 Pentafunctional AROM polypeptide 4
P32445 Single-stranded DNA-binding protein RIM1 5
P25367 [PIN+] prion protein RNQ1 3
Q04119 Endopolyphosphatase 0.1
P02407 40S ribosomal protein S17-A 19
POCX41 60S ribosomal protein L23-A 28
P20606 Small COPII coat GTPase SAR1 15
P12612 T-complex protein 1 subunit alpha 1
P07244 Bifunctional purine biosynthetic protein ADE5,7 10
P28007 H/ACA ribonucleoprotein complex subunit 1 1
P47079 T-complex protein 1 subunit theta 4
P53123 Ribosomal RNA methyltransferase MRM2 0.1
P53305 Mitochondrial 37S ribosomal protein S27 1
P00958 Methionine--tRNA ligase, cytoplasmic 0.1
P25626 548 ribosomal protein IMG1 3

Replicate 1 Replicate 2
| F P-val S | F P-val
4247 3639 0 3 4333 5006 0
1595 54663 0 0.1 755 26168 0
133 27 5.1E-67 14 76 19 5.1E-36
53 4 8.4E-12 12 50 14 2.0E-22
58 1988 3.8E-39 0.1 25 866 9.6E-18
54 1851 1.5E-36 0.1 25 866 9.6E-18
47 40 1.3E-26 4 30 26 2.4E-16
58 40 2.2E-32 5 29 20 5.8E-15
61 70 1.9E-36 3 26 30 9.1E-15
10 343 8.5E-08 0.1 17 589 1.8E-12
30 6.8E-09 23 38 6 2.4E-11
56 7 7.3E-18 33 44 5 4.7E-11
20 5 1.1E-05 7 21 10 3.4E-09
25 86 3.6E-16 0.1 11 381 1.7E-08
33 11 5.1E-14 6 15 9 1.8E-06
9 31 5.1E-06 1 9 31 4.7E-06
35 30 3.0E-19 4 12 10 7.9E-06
7 240 8.5E-06 0.1 7 243 7.9E-06
6 21 3.8E-04 0.1 6 208 3.8E-05
19 651 1.0E-13 1 7 24 8.6E-05
9 10 1.2E-04 0.1 5 173 1.8E-04

Table 2. The most significant Pif1 interactors as determined by the TAP-Pif1 pull down and LTQ-Orbitrap mass spectrometry. Columns named S and / show spectral counts
in the whole-cell lysate and the pull-down, respectively. Column named F shows fold enrichment as calculated using adjusted spectral counts (30), (32). P-values were
determined by G-test of independence for each replicate, as in (32). Mitochondrial proteins are highlighted in bold. Bait related proteins are shown in italics. #°, protein
accession and description are as in Swiss-Prot database (www.uniprot.org). Only proteins that had P-values below 0.001, fold enrichment above 4, and spectral counts in
the pull down above 5, in each of the replicates are shown. The fractional spectral count of 0.1 indicates absence of a protein.
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Figure 6: Model of Pif1-Rim1 interaction. A, Summary of the protein-protein interactions defined in cross-linking experiments. The model of Pif1 helicase domain
is on the left. The X-ray structure of Rim1 tetramer is on the right. The two interaction sites identified in this work are highlighted. The X-ray structure has N-terminal
aspartate instead of methionine. We propose the model of Rim1-Pif1 interaction, where 1) the beta-hairpin of Pif1, highlighted in red fits into the cleft between two
Rim1 dimers; and 2) the stretch of acidic residues within Pif1’s peptide LGNIDDETER is likely to be in the vicinity of K29 residue of Rim1. B, The possible spatial
arrangement of Rim1-Pif1 interactions. It is unlikely that the two interaction sites are realized at the same time within the (Rim1)4:Pif1 heterodimer. Instead, the most
consistent with the current structural information is the model, where two Rim1 tetramers participate in the interaction with Pif1. Pif1 helicase domain is shown in

grey, Rim1 tetramers are shown in yellow and pink.

structural model is based on the homologus RecD2 helicase, and
Riml is an unpublished crystal structure (K. Varughese, personal
communication). The two cross-linking sites mark the interface of
the interaction, one of which is composed of a B-hairpin in the SH3
domain of Pifl which fits into a cleft between the two Rim1 dimers to
interact with the N-terminus of Rim1. The two sites on Pifl are too far
apart to interact with just one Rim1 tetramer, and most likely involve
interaction with the two Rim1 tetramers. It is not currently clear from
the obtained data, whether the Rim1-Pifl complex has two different
forms, fulfilling the two interaction sites either with the Rim1:Pifl
stoichiometry of 4:1, or the interaction with the two tetramers occurs
at the same time — and the actual stoichiometry of Rim1:Pifl complex
is 8:1. The second site of interaction is mediated through K29 in the
OB-fold domain of Rim1 and an acidic patch on domain 2A (the second
RecA-like domain) of Pifl. The OB domain also interacts with DNA, and
the competition between DNA and protein binding is clear (Figure 1D).

Our data provide insight into the possible mechanism of activation
of Pifl helicase by Rim1. Clear disruption of the interaction between
Pifl and Riml by DNA indicates that a DNA-bound Riml is less
likely to interact with Pifl. It may, therefore, serve as guide to direct
Pifl to the appropriate position. Interestingly, the N-terminus of
Riml is also involved in interaction between different molecules
of Riml. The "N-labeling experiment identified an “N-"N mixed
species corresponding to the C-terminus of Riml cross-linking to
the N-terminus of Rim1 during the analysis of the Rim1 dimer band
(Supplemental Figures 2,3). In this experiment, prior to the addition
of Pifl, we mixed *N and "“N-labeled Riml tetramers. The discovery
of mixed “N-N cross-linked species can be explained either by
interaction between two different tetramers or dissociation and re-

formation of the new tetramers with mixed subunits. We think that
the direct interaction between two tetramers is more likely for the
following two reasons: 1) Rim1 tetramer itself is very stable, not prone
to dissociation; 2) Only C-terminus-to-N-terminus “N-"N species
were observed, with all others being either “N-"N, or N-"*N only.
It is therefore a possibility that Pifl-Rim1 interaction at the Rim1’s
N-terminus happens after two Riml tetramers dissociate. The exact
sequence of events and dynamics of Riml-Pifl-DNA interaction
demands further investigation.

Biological Context of Rim1 and Pifl interaction

Our mitochondrial proteome analysis (Supplemental Table 1)
shows that Rim1 is a relatively abundant protein, ranking within the
first 100 of the most abundant proteins identified, while Pifl was
not detected. The absence of Pifl in the mitochondrial proteome is
consistent with its low abundance under normal growth conditions.
It is known that Pifl becomes important during the conditions of
mitochondrial DNA damage (5), and we plan to explore the Rim1-Pifl
interaction in this context in the future studies.

Conclusions

Using a combination of proteomics methods and chemical
cross-linking with the short-length, hetero-bifunctional cross-linker
SDA, we showed that Riml and Pifl interact directly. We further
characterized the Pifl-Rim1 heterodimer and identified two different
sites of cross-link incorporation. One site involves one of the putative
RecA-like domains of Pifl and OB-fold domain of Riml, and the
other site involves a -hairpin in the SH3 domain of Pifl and Rim1’s
N-terminus. We were able to validate both interactions by the site-
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directed mutagenesis and by *N-labeling. The presented workflow will
further aid identification of protein-protein interactions using non-
specific cross-linkers.
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