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making these techniques of
great potential.
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RESEARCH
Differential Proteome and Interactome Analysis
Reveal the Basis of Pleiotropy Associated With
the Histidine Methyltransferase Hpm1p
Tara K. Bartolec1 , Joshua J. Hamey1, Andrew Keller2, Juan D. Chavez2 ,
James E. Bruce2, and Marc. R. Wilkins1,*
The methylation of histidine is a post-translational modi-
fication whose function is poorly understood. Methyl-
transferase histidine protein methyltransferase 1 (Hpm1p)
monomethylates H243 in the ribosomal protein Rpl3p and
represents the only known histidine methyltransferase in
Saccharomyces cerevisiae. Interestingly, the hpm1 dele-
tion strain is highly pleiotropic, with many extraribosomal
phenotypes including improved growth rates in alternative
carbon sources. Here, we investigate how the loss of
histidine methyltransferase Hpm1p results in diverse
phenotypes, through use of targeted mass spectrometry
(MS), growth assays, quantitative proteomics, and differ-
ential crosslinking MS. We confirmed the localization and
stoichiometry of the H243 methylation site, found unre-
ported sensitivities of Δhpm1 yeast to nonribosomal
stressors, and identified differentially abundant proteins
upon hpm1 knockout with clear links to the coordination
of sugar metabolism. We adapted the emerging technique
of quantitative large-scale stable isotope labeling of amino
acids in cell culture crosslinking MS for yeast, which
resulted in the identification of 1267 unique in vivo lysine–
lysine crosslinks. By reproducibly monitoring over 350 of
these in WT and Δhpm1, we detected changes to protein
structure or protein–protein interactions in the ribosome,
membrane proteins, chromatin, and mitochondria.
Importantly, these occurred independently of changes in
protein abundance and could explain a number of phe-
notypes of Δhpm1, not addressed by expression analysis.
Further to this, some phenotypes were predicted solely
from changes in protein structure or interactions and
could be validated by orthogonal techniques. Taken
together, these studies reveal a broad role for Hpm1p in
yeast and illustrate how crosslinking MS will be an
essential tool for understanding complex phenotypes.

Protein methylation is an important post-translational
modification (PTM), which occurs predominantly on lysine
and arginine residues in eukaryotic cells. Methylation of
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histidine residues (reviewed in Refs. (1, 2)) can also occur and
was initially described for only a small number of proteins,
including actin, myosin, myosin kinase, S100A9, the large
subunit ribosomal protein L3, and more recently, a family of
zinc transporter proteins (3, 4). The most well-studied example
is the methylation of human β-actin H73, which has been
shown to have important roles in regulating the stability of the
actin cytoskeleton. The responsible methyltransferase SETD3
(5, 6) is implicated in a number of human diseases, including
viral pathogenesis (7), liver tumorigenesis (8), and lymphoma
(9), thus confirming the functional importance of histidine
methylation. Because of the lack of available affinity reagents,
our understanding of histidine methylation is less complete
than that of lysine and arginine. However, a recent stringent
reanalysis of ultra-deep human proteomic datasets has
revealed that over 200 distinct proteins are histidine methyl-
ated (10), highlighting the need to improve our understanding
of this unique PTM.
Histidine protein methyltransferase 1 (Hpm1p) was the first

described histidine methyltransferase in any organism, and
the only one known in the budding yeast Saccharomyces
cerevisiae (11). It monomethylates the Tau nitrogen of histi-
dine 243 (H243) in the large ribosomal subunit protein Rpl3p
(uL3; universal large subunit ribosomal protein 3) to stoi-
chiometric levels. Recent work has confirmed functional
conservation of Hpm1p, with the human ortholog METTL18
(human methyltransferase-like protein 18) shown to methylate
histidine 245 of human Rpl3 (12). In addition, orthologs exist
in other eukaryotes including Drosophila melanogaster, Cae-
norhabditis elegans, and Saccharomyces pombe (11), sug-
gesting that histidine methylation plays important roles
across Eukarya. H243 is located in the buried tryptophan
finger domain of yeast Rpl3p, which protrudes into the pep-
tidyl transferase center of the assembled ribosome and
makes extensive hydrogen-bonding contacts with the 25S
rRNA. This finger is thought to function as a rocker, pushing
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The Proteome and Interactome Reflect hpm1 Null Phenotypes
aminoacyl-tRNAs between the A-site (aminoacyl site of pro-
tein synthesis in the translating ribosome) and the P-site
(peptidyl site of protein synthesis in the translating ribosome)
(13, 14). Deletion of the hpm1 (YIL110W) gene is nonlethal,
but targeted studies of this strain have identified effects on
ribosome assembly, fidelity, and structure. This is manifest in
decreased 60S subunit synthesis, increased stop-codon
readthrough, programmed −1 ribosomal frameshifting,
amino acid misincorporation, and increased resistance to
ribosome-binding drugs, such as cycloheximide and aniso-
mycin (11, 15–17).
The hpm1 deletion strain is highly pleiotropic, with 48 distinct

phenotypes known compared with a median of 14 for all other
genes in yeast (18). Systematic screens of gene function have
described phenotypes, which are related to ribosomal
dysfunction, such as a decreased growth rate in yeast extract–
peptone–dextrose or in synthetic media containing glucose
(19–23) as well as a reduced cell volume (24). However, there
are many unrelated phenotypes reported for Δhpm1, for
example, an improved growth rate in alternative carbon sour-
ces (ethanol (19), xylose (25), glycerol (19), sucrose/fructose
(19)), decreased desiccation resistance (26), altered vacuolar
morphology (27), and altered cell wall processes (increased
caspofungin resistance (28), synthetic lethality with CHS1 (29,
30)). It is clear therefore that the function of Hpm1p, and the
associated significance of Rpl3p H243 methylation, is not
completely understood.
In this study, we investigate the function/s of yeast Hpm1p

with a focus on its extraribosomal phenome. First, we
screened Δhpm1 cells for growth defects on an expanded set
of stressors, which targeted pathways unrelated to the ribo-
some. This identified undescribed sensitivities to
amphotericin-B, to cold, to salt, and oxidative stress. To
investigate the basis of these phenotypes, we next compared
the proteome of WT and Δhpm1 yeast through quantitative
stable isotope labeling of amino acids in cell culture (SILAC)–
based proteomics. This revealed a downregulation of treha-
lose biosynthetic enzymes and proteins involved in glucose
metabolism. Finally, we adapted the emerging technique of
quantitative large-scale crosslinking mass spectrometry (MS)
(31) to enable in vivo monitoring of the yeast interactome and
structural proteome at low resolution. This revealed that hpm1
knockout, and hence loss of Rpl3 H243 methylation, locally
and allosterically alters the structure of the ribosome. Deletion
of hpm1 also affected the structure of some membrane pro-
teins, proteins involved in chromatin compaction, and affected
some protein–protein interactions (PPIs) involved in mito-
chondrial membrane remodeling. Importantly, these were in-
dependent of protein abundance. Orthogonal techniques
confirmed alterations to processes seen in crosslinking anal-
ysis, including measurable differences to the extracellular
acidification rate and mitochondrial activity. Together, these
findings help explain the pleiotropy of Δhpm1, expand roles for
Hpm1p in the regulation of carbon metabolic processes, and
2 Mol Cell Proteomics (2022) 21(7) 100249
provide clues into the functional significance of histidine
methylation in human and other eukaryotes.
EXPERIMENTAL PROCEDURES

Yeast Strains

WT S. cerevisiae were strain BY4742 (MATα [yeast maturation
factor alpha] his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0). The BY4742 knockout
strain of hpm1 (ordered locus name YIL110W) was derived from the
EuroScarf Yeast Knockout Collection (32), with the following geno-
type: MATα; his3Δ1; leu2Δ0; lys2Δ0; ura3Δ0; YIL110WΔ::kanMX4. All
gene and protein names throughout figures and text utilize the stan-
dard yeast protein nomenclature system, which refer to standard gene
names for the encoded protein. For investigation of growth plate
assay phenotype specificity, two strains were generated using ho-
mologous recombination–based genome editing in yeast (33): a
pseudotype “WT*” (BY4742 containing the URA3 gene integrated
downstream of the Rpl3 locus) and a Rpl3 H243A mutant (also con-
taining the URA3 gene insertion). A custom synthetic gBlock DNA
fragment (Integrated DNA Technologies) containing (1) the 3′ coding
region of Rpl3, (2) immediately adjacent 3′ intergenic region, and (3)
the URA3 selection cassette, was amplified by PCR, using two primer
pairs. These were the reverse primer 5′-TATTTAAATAAAATAGGAAT
AAGAATGCTCAATTAAAAAATGATTTATTTTCTAACAAAACTTCTTAG
TTTTGCTGGCCGCA-3′ coupled with either 5′-GCTTCCGTCGTCAG
AGTTTT-3′ for Rpl3-H243A (to amplify the entire gBlock, including
H243A mutation) or 5′-AGGTTGCTTGTATTGGTGCT-3′ for WT* (to
generate a smaller amplicon, which excluded the H243A mutation).
The BY4742 WT yeast strain was then transformed with each ampli-
con, essentially as described (34), and gene insertions and edits
confirmed by PCR and Sanger sequencing using EuroScarf primers
specific to the Rpl3 locus (32).

Methyl-Peptide Analysis

Overnight cultures of saturated stationary-phase (absorbance at
600 nm of ~10) WT and Δhpm1 cells were pelleted, washed twice with
MilliQ water, and then resuspended to 50 absorbance at 600 nm units/
ml in Hepes lysis buffer (50 mm Hepes, 100 mm NaCl, 0.5% (v/v)
Triton X-100, 2 mm DTT, 2 mm EDTA, pH 7.5) supplemented with
Roche cOmplete Mini EDTA-free Protease Inhibitor Cocktail. Cells
were lysed with three rounds of 30 s glass bead homogenization. The
lysates were clarified by centrifugation at 20,000g for 30 min, and the
supernatant resolved on a 4 to 12% Bis–Tris NuPAGE SDS-PAGE gel.
In-gel digestion of a band containing the 44 kDa Rpl3p was performed
with Promega Sequencing Grade Trypsin or Promega rLys-C, as
described (35) but with the addition of reduction and alkylation steps
(10 mM DTT at 37 ◦C for 1 h, followed by 55 mM iodoacetamide [IAA]
at room temperature [RT] for 1 h). For LC–MS/MS analysis, online
separation of peptides was performed using buffer A (0.1% (v/v) for-
mic acid) and buffer B (0.1% (v/v) formic acid and 80% (v/v) aceto-
nitrile), with a linear gradient of 2 to 45% buffer B over 30 min. For
data-dependent analysis of the tryptic peptides, the Orbitrap Fusion
Lumos Tribrid Mass Spectrometer (Thermo Fisher Scientific) was
operated as described (36), with higher-energy collision dis-
sociation;(HCD) fragmentation performed at normalized collision en-
ergy (NCE) of 30. Mascot was used to identify peptides, searching
against the SwissProt reference yeast proteome (6049 sequences,
accessed on December 3, 2020) for up to two missed cleavages
(specificity to KR), carbamidomethylation of cysteine as a fixed
modification, methylation of histidine and oxidation of methionine as
variable modifications, error tolerance set to 20 ppm at the peptide
level and 10 ppm at the fragment ion level, peptide charges of 2+/3+/
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4+ and ESI_HCD as the instrument. Only significant peptide identifi-
cations were considered (false discovery rate [FDR] <0.01), filtering by
ion score (≥30) and expectation value (p < 0.05).

Parallel Reaction Monitoring of Histidine-Methylated Peptides

To assess the H243 modification status of Rpl3p in the WT and
Δhpm1 strains, we performed a parallel reaction monitoring analysis of
Lys-C peptides. The mass spectrometer was set to fragment charge
states 1 to 4 of the unmodified (m/z = 867.5271, 434.2672, 289.8472,
and 217.6372) and histidine-methylated (m/z = 881.5428, 441.2750,
294.5191, and 221.1412) peptide with the sequence THRGLRK.
Skyline (37) (version 3.6.010493) was used to confirm the coelution of
precursor and fragment ions. This analysis complies with tier 3 Mo-
lecular and Cellular Proteomics guidelines for targeted MS analysis.

Reanalysis of Heavy Methyl SILAC Datasets for Methylated
Histidine

The entire heavy methyl SILAC labeling dataset (38) was reanalyzed
as described in the original study but extended to include histidine
methylation as an additional variable modification. Because of the high
FDR associated with methyl peptides, putative histidine-methylated
peptides were examined for the presence and chromatographic coe-
lution of light/heavy methyl pairs introduced by the 13CD3-methionine
metabolic label using MethylQuant (39) and/or for the presence of the
histidine methylation immonium ion (124.088m/z) in the fragmentation
spectra.

Growth Plate Assays

Synthetic complete (SC) agar medium [6.7 g/l yeast nitrogen base
with ammonium sulphate, 1.92 g/l synthetic drop-out mix without
uracil, 2% (w/v) glucose, 80 mg/l uracil, 3% (w/v) agar] was used for
growth assays. Agar plates were prepared with or without the
following chemical stressors: 2 mM H2O2, 0.1 μg/ml amphotericin B,
1 M NaCl, 1.5 M sorbitol, and 2 mM NaNO2. Low nitrogen SC plates
were prepared with 1.7 g/l yeast nitrogen base without ammonium
sulphate, 1.92 g/l synthetic drop-out mix without uracil, 50 μM
ammonium sulphate, 2% (w/v) glucose, 80 mg/l uracil, and 3% (w/v)
agar. WT and Δhpm1 BY4742 cells were cultured overnight to satu-
ration in yeast extract–peptone–dextrose, washed twice with sterile
water, and then adjusted to an absorbance of of 0.2 at 600 nm. Five
10-fold serial dilutions were performed for each strain, and 5 μl of each
was spotted onto each plate. All plates were incubated at 30 ◦C,
except for cold stressors (16 ◦C and 25 ◦C) and heat stressors (37 ◦C).
Plates were imaged ~72 h later, except for cold stress, salt, and H2O2,

which required additional days of incubation to allow comparison of
growth rates. Three biological replicates were performed. Growth
plate assays containing all four strains (WT, Δhpm1, WT*, and Rpl3-
H243A) were also performed in three biological replicates as
described previously, but only four 10-fold serial dilutions were pre-
pared and spotted for each strain.

2nSILAC Labeling

The 2nSILAC (isotopic labeling of lysine and arginine in prototrophic
yeast) method was used to metabolically label prototrophic BY4742
S. cerevisiae (40). Briefly, cells were cultured for at least 12 doublings
in SC labeling media containing 0.17% (w/v) yeast nitrogen base
without amino acids and ammonium sulphate, 0.5% (w/v) ammonium
sulphate, 20 mg/l each of histidine, leucine, methionine, tryptophan,
adenine, and uracil, 200 mg/l proline, and 2% (w/v) glucose. For light-
labeled cells, the media contained 287 μM L-arginine monohydro-
chloride and 342 μM L-lysine monohydrochloride. For heavy-labeled
cells, the media contained equivalent molarity of 13C, 15N-labeled
L-arginine monohydrochloride (+10 Da), and L-lysine monohydro-
chloride (+8 Da) (Silantes). To assess label incorporation efficiency,
tryptic digests of heavy-labeled samples were subjected to tandem
MS analysis as per the procedure described previously. Peptides were
identified and quantified using MaxQuant (41) using search settings as
described later, and the intensity of the heavy-labeled version of each
peptide was compared with the equivalent-unlabeled peptide. Incor-
poration efficiency for each experiment was seen to be >99% in all
2nSILAC-labeled experiments.

Differential Proteome Analysis

To compare the proteome of WT and Δhpm1 BY4742 yeast, cells
were cultured using 2nSILAC. Two biological replicates were gener-
ated in a label-swap design. Each strain was grown in 35 ml of heavy
or light media and harvested at a midlog phase at an absorbance of
~0.8 at 600 nm. To extract proteins, cells were resuspended at 50
absorbance at 600 nm units/ml of lysis buffer (8 M urea, 0.1 M
ammonium bicarbonate, and pH 8), supplemented with Roche cOm-
plete Mini EDTA-free Protease Inhibitor Cocktail, and subjected to
glass bead homogenization for three rounds of 30 s each. The lysates
were clarified by centrifugation at 20,000g at 4 ◦C for 30 min. The
Pierce Bicinchoninic Acid Protein Assay Kit was used to determine the
protein content in each lysate. Lysates were mixed 1:1 in a label-swap
design, to 1 mg total protein content (500 μg each). Reduction was
performed using 5 mM DTT for 30 min at RT, followed by alkylation
with 10 mM IAA for 30 min at RT in the dark. To facilitate digestion,
each sample was diluted 10-fold with 50 mM ammonium bicarbonate
and digested overnight at 37 ◦C with Promega Sequencing Grade
Trypsin at a 1:100 protease:protein ratio. Peptides were desalted us-
ing C18 Sep-Pak columns, as described (31), and then subjected to
strong cation exchange (SCX) fractionation as described later in SCX
to yield five fractions per combined light/heavy sample for analysis.
Fractions resulting from SCX chromatography were desalted using
Sep-Pak columns, again as described (31). Desalted fractions were
resuspended in 20 μl 0.1% (v/v) formic acid and injected in technical
duplicate for LC–MS/MS analysis. Online fractionation was performed
as described for methyl-peptide identification, albeit with a 120 min
gradient. The Fusion Lumos mass spectrometer was operated with
the following settings: MS1 spectra were acquired at 120,000 reso-
lution, scan range 400 to 1500m/z, RF lens 30%, and 50 ms maximum
injection time. The most abundant ions were selected for fragmenta-
tion using monoisotopic precursor selection mode, 2.5E4 intensity
threshold, z = 2 to 5, 20 s dynamic exclusion, across a 3 s duty cycle.
Ions were fragmented using HCD fixed at 30% NCE with a 1.6 m/z
isolation window, acquiring spectra with the ion trap mass analyzer in
rapid mode.

MaxQuant (41) (version 1.6.17.0) was used to both identify and
quantify peptides, matching against the SwissProt reference yeast
proteome (6049 sequences, downloaded December 3, 2020) supple-
mented with the default contaminants database. Relevant settings
included use of the heavy label feature set to Arg10 and Lys8, variable
modification of methionine oxidation and acetylation of the protein N
terminus, fixed modification of cysteine carbamidomethylation, the
use of trypsin/P specificity with a maximum of two missed cleavages,
a minimum peptide length of 7, FDR limited to 1% at both the peptide
and protein levels, and only unique + razor peptides (at least two) used
for quantification. All other settings were default. An additional anal-
ysis for lysine acetylation was performed as previously mentioned one
but with the addition of lysine acetylation as a variable modification.
For differential abundance analysis, the resulting evidence.txt and
proteingroups.txt files were analyzed using the aggregation, normali-
zation, and differential expression analysis tools in ProteoSign, v2 (42).
Default parameters were used, which only consider proteins quantified
Mol Cell Proteomics (2022) 21(7) 100249 3



The Proteome and Interactome Reflect hpm1 Null Phenotypes
in both biological replicates and with at least two different peptides.
Significance of expression ratios was assessed between biological
replicates (at adjusted p ≤ 0.05), after determining ratios from tech-
nical replicates and between-fraction replicate identifications.

SCX of Peptides and Cross-Linked Peptides

Desalted peptides were fractionated using the Agilent 1260 Infinity II
HPLC, coupled to a Phenomenex Luna 5um SCX 100Å 250 × 10 mm
LC column, and using buffer A containing 7 mM KH2PO4, pH 2.6, and
30% (v/v) acetonitrile, and buffer B containing 7 mM KH2PO4, pH 2.6,
30% (v/v) acetonitrile, and 350 mM KCl. The gradient was as operated
at 1.5 ml/min with the following program: 0% B at 0 min, 5% B at
7.5 min, 60% B at 47.5 min, 100% B at 67.5 min, 100% B at 77.5 min,
0% B at 77.51 min, and 0% B at 97.5 min. For the proteomics ex-
periments, individual 1-min fractions were combined into five final
pooled fractions from the following elution times: F1 = 10 to 39 min,
F2 = 39 to 48 min, F3 = 48 to 58 min, F4 = 58 to 72 min, and F5 = 72 to
89 min. For the crosslinking experiments that are described in later
sections, later eluting peptide fractions enriched for cross-linked
peptides were combined into five final fractions as follows: F6–F7 =
48 to 53 min, F8–F9 = 58 to 63 min, F10 = 68 to 73 min, F11 = 73 to
78 min, F12 = 78 to 83 min, and F13 to F15 = 83 to 93 min.

Functional Enrichment Analysis

Panther Gene Ontology (GO) Term Over Representation analysis
(43) was performed on the results of the differential proteome analysis,
using an expanded list of proteins (adjusted p ≤ 0.1) The background
was set to all quantified proteins. Biological Process Complete GO
terms were analyzed, with the Fisher’s exact test and FDR calculated
and controlled to 5%. Only the significant child terms were reported to
avoid redundancy.

Biotin–Aspartate Proline–N-Hydroxyphthalimide Cross-Linker
Synthesis

The peptide-based cross-linker biotin–aspartate proline–N-
hydroxyphthalimide (BDP–NHP) was synthesized using Fmoc chem-
istry as described (31) but with the use of Rink amide ProTide resin
(CEM) instead of Fmoc-Gly-Wang resin. Amino acids were coupled to
the resin in the following order: Lys(biotin)-Lys-Pro2-Asp2-succinate2-
N-hydroxyphthalimide (NHP)2, using a Liberty Lite peptide synthesizer
(CEM). Activated NHP esters were incorporated by incubating the
resin containing the BDP molecule with a 12-fold molar excess of
N-(trifluoroacetoxy)-phthalimide–NHP in pyridine. The reaction was
carried out for 20 min at RT. The resin was then transferred to a
PolyPrep column (Bio-Rad) and coupled to a vacuum flask. The resin
was washed extensively with dimethylformamide followed by exten-
sive washes with dichloromethane. The crosslinker was cleaved from
the resin by incubation with 95% N-(trifluoroacetoxy), 2.5%
dichloromethane, and 2.5% H2O for 3 h at RT. The crosslinker was
then precipitated in cold diethyl ether and washed extensively with
fresh cold diethyl ether. The resulting pellet was dried by vacuum
centrifugation. The resulting product was dissolved in dimethyl sulf-
oxide to a concentration of 200 mM, determined by UV–visible
absorbance.

In Vivo CrossLinking MS

WT and Δhpm1 cells were cultured using the 2nSILAC approach,
with each strain grown in 200 ml of light- or heavy-labeled media. Cells
were harvested at a midlog absorbance of ~0.4 at 600 nm and washed
with water. An aliquot of each was taken to confirm label incorporation
efficiency, which was found to be >99%. Cells were then mixed 1:1,
based on an absorbance at 600 nm, in a label-swap design, and then
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followed by an additional wash with water. To enzymatically digest the
cell wall, cells were first pretreated with 10 mM DTT and 100 mM Tris
for 10 min at 30 ◦C with shaking. After washing with water, cells were
resuspended in 2 ml 1.2 M sorbitol supplemented with 300 U/ml
zymolyase and incubated for 30 min at 30 ◦C with light shaking. The
progression of cell wall digestion (spheroplasting) was monitored via
microscopy and through monitoring of lysis with a 1:20 dilution in
water. Spheroplasts were pelleted at 750g, washed with 1.2 M sorbitol
twice, and then resuspended in crosslinking buffer (1.2 M sorbitol,
170 mM Na2HPO4, pH 8). Protein interaction reporter (PIR) (amide-
BDP–NHP) crosslinker was added to 10 mM, and the reaction allowed
to proceed for 30 min at RT with shaking. Cross-linked spheroplasts
were washed five times with 1.2 M sorbitol until the supernatant was
no longer yellow and then resuspended in lysis buffer (8 M urea, 0.1 M
ammonium bicarbonate, and pH 8.0). This was followed by lysis via
glass bead homogenization for three rounds of 30 s each. A bicin-
choninic acid assay was used to quantify protein content, and then
3 mg of each lysate was reduced with 5 mM DTT for 30 min at RT,
followed by alkylation with 10 mM IAA for 30 min at RT in the dark. The
sample was diluted 1:10 with 0.1 M ammonium bicarbonate and
digested with Promega Sequencing Grade Trypsin at a protease:-
protein ratio of 1:50, overnight at 37 ◦C with shaking 650 rpm. Pep-
tides were desalted using a Sep-Pak column, and a 100 μg aliquot
taken for protein abundance level quantification, using the same MS
scheme described earlier for the proteomics analysis. The remaining
peptides were fractionated by SCX as described previously, gener-
ating five final fractions per light/heavy sample. Cross-linked peptides
from each fraction were enriched with Pierce Monomeric Avidin
UltraLink beads, as described (31), via the biotin group in the BDP–
NHP crosslinker.

Each of the five avidin-enriched fractions was injected twice and
analyzed on the 120 min liquid chromatography gradient described
previously. The Fusion Lumos mass spectrometer was operated with
the following settings: MS1 spectra were acquired in positive ion
mode, 60,000 resolution with quadrupole isolation, scan range 400 to
2000 m/z, RF lens 30%, 100 ms maximum injection time, automatic
gain control target set to “Standard.” Ions were selected for frag-
mentation using monoisotopic precursor selection mode, 2.5E4 in-
tensity threshold, z = 4 to 8, 20 s dynamic exclusion, across a 2 s duty
cycle. Ions were fragmented using stepped HCD (27/30/33 NCE) with
a 1.6 m/z isolation window, acquiring spectra with the Orbitrap
analyzer at 60,000 resolution.

The Mango/Comet/XLinkProphet pipeline was used to identify
cross-linked peptides. RAW files were first converted to mzXML (with
peak picking at both MS levels) using MSConvert (ProteoWizard,
version 3.0.1908) (44). Spectra that contained putatively cross-linked
peptides were extracted using the Mango tool (version 2017.01 rev
0 beta 3) (45), with the reporter neutral mass set to 693.399601 Da and
the mass tolerance at the relationship level set to 10 ppm and peptide
level set to 20 ppm. Fragment ions in these spectra were matched
against the yeast reference proteome (6049 sequences, downloaded
December 3, 2020), alongside a reverse decoy database, using the
search engine Comet (version 2018.01 rev 2) (46), performing two
individual searches for each file to identify completely light or heavy
isotopically labeled peptides. Key Comet parameters were set as
follows: 20 ppm parent and fragment ion tolerance, cysteine carba-
midomethylation as a fixed, methionine oxidation as variable, and the
cross-linker stump mass of 197.032422 Da on lysines as variable, up
to two missed tryptic (KR, negated by P) cleavages allowed. XLink-
Prophet (47) was used with default recommended parameters to
recombine spectral matches and perform FDR control of identifica-
tions to a 1% error rate at the nonredundant cross-linked peptide
level. These identifications were uploaded to the XLinkDB (48) under
the name “YeastHpm1_Wilkins.” For mapping of crosslinks onto
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structure, all possible structures involving the cross-linked residues
were downloaded from the Protein Data Bank (PDB) (rscb.org (49)) and
crosslinks mapped in every chain pair configuration using Xwalk (50),
to calculate the minimum Cɑ–Cɑ Euclidean distances imposed by the
given crosslinks. The SIFTS resource was used to determine PDB
resolved residues (51). A random lysine–lysine pair list was generated
by randomly selecting any lysine residue in each protein member of an
experimentally identified crosslink that mapped to that structure. The
Euclidean distances of these links were also evaluated.

Cross-link spectral matches (CSMs) from these identified cross-
linked peptides were subjected to analysis with MethylQuant (39)
tool (version 1.0) to automatically extract ion chromatograms. The
derived light and heavy m/z values were used as input, using default
program parameters, but without the use of the in-built mass shift
function. The MethylQuant output was filtered for only crosslinks with
successful “H/L Ratio #2” ratios (which are MethylQuant ratios that
passed an internal quality control based on the presence of highly
correlated isotope coelutions) and a MethylQuant score greater than
10. Crosslinks involving methionine were not analyzed further. The
cross-link ratios within each biological replicate were normalized (to
correct for unequal mixing in sample preparation) by dividing each
ratio, before log transformation, by a protein mixing factor. The mixing
ratio factor was determined from a matched proteomic analysis of the
samples before fractionation, with each sample acquired in the same
manner as the deep proteome MS/MS described previously except in
one shot. Note that this proteomic dataset was also used to determine
changes in protein abundances, for comparing crosslink changes with
changes in protein abundance.

To summarize changes in crosslinks to the level of unique residue
pair (URP), redundant normalized ratios from cross-linked peptides
were averaged to form a single ratio per biological replicate (where
redundant ratios could represent multiple peptide pairs representing
the same URP, quantification in different fractions, or technical repli-
cates). Only URPs with ratios successfully calculated from both bio-
logical replicates were considered further, whereby the average of
biological replicates was used for statistical testing. To determine
statistical significance, two-tailed unpaired t tests were performed by
comparing ratios to 0. Multiple testing correction was performed using
Boca and Leek’s FDR regression method (BL) as implemented in the
swfdr R package (52). Briefly, a linear regression with spline smoothing
(two degrees of freedom) was modeled on t test p values and three
covariates to generate q values. The three covariates were correlated
to the quality of the quantifications themselves: (1) the standard de-
viation of all technical replicate redundant ratios for the URP, (2) the
total number of redundant ratios calculated for the URP, and (3) the
maximum number of well-correlated isotopic distribution heavy/light
pair coelutions (as determined by MethylQuant) for any quantification
representing the URP. To compare URP ratios with protein-level
change, the URP ratios for significantly changing URPs (q ≤ 0.05,
log2 ≥ 0.3 and ≤−0.3) were compared with the mean normalized
protein ratio for the given protein/s, determining statistical significance
using the two-tailed unpaired t test and then BL multiple testing
correction as described previously. Cytoscape (53) was used to
visualize crosslinks as either a protein interaction network or a
residue-pair network. PyXlinkViewer (54) was used to map crosslinks
onto the ribosome structure (PDB: 6GQV) (55).

Monitoring of Media Acidification Rate

To monitor changes to media pH over time, three independent
colonies each of WT and Δhpm1 were separately cultured overnight to
saturation in SC medium (6.7 g/l yeast nitrogen base without amino
acids, 1.92 g/l synthetic drop-out mix without uracil, 2% [w/v] glucose,
and 80 mg/l uracil). For each sample, 50 ml cultures of SC media were
inoculated at an initial absorbance at 600 nm of ~0.1 and cultured at
30 ◦C with 250 rpm shaking for 11 h. An aliquot was taken every hour
to determine an absorbance at 600 nm and, following pelleting of
cells, the pH of media was measured by a tabletop pH probe. For each
strain, a one-phase nonlinear regression curve was fitted to data from
the three biological replicates using GraphPad Prism 9.3.1 (GraphPad
Software, Inc). To determine whether the two models differed (whether
one model could adequately explain all data), the extra-sum-of-
squares F test was used, comparing all equation parameters.

Flow Cytometric Analysis of Mitochondrial Activity

To determine the degree of mitochondrial superoxide production in
the WT and hpm1 knockout strains, yeast cells were stained with
MitoSOX Red Mitochondrial Superoxide Indicator dye (Thermo Fisher
Scientific) and assessed by flow cytometry. Briefly, three independent
colonies of each strain were grown separately to saturation overnight
in SC medium, cultured throughout the day to produce a growth
curve, and inoculated into 25 ml of fresh SC for overnight culture. Cells
were harvested the following morning at an absorbance of ~0.7 at
600 nm, washed twice with PBS, and then resuspended to a density of
10 absorbance at 600 nm units/ml in PBS. Unstained and stained
(5 μM MitoSOX 10 min at RT in the dark) cells were prepared for each
strain, with two additional PBS washes performed before analysis on
the BD LSRFortessa SORP Cell Analyzer (BD Biosciences). Following
gating to select for single cells, the mean intensity of the staining
(10,000 cells per sample) was measured using the 561 nm Yellow/
Green laser with 610/20 band pass filter. The mean population in-
tensity of unstained samples was subtracted from the mean popula-
tion intensity of the matched labeled samples, and a two-tailed
unpaired t test was used to assess statistical significance.

Experimental Design and Statistical Rationale

Four independent cultures (two of each of the control WT and
Δhpm1 strains in heavy or light media) were used in SILAC expression
or crosslinking experiments, producing two biological replicates in a
label-swap design (forward: light = WT, heavy = Δhpm1; reverse:
light = Δhpm1, heavy = WT). Five SCX fractions were generated per
light/heavy combined biological replicate, and each SCX fraction was
analyzed in technical duplicate, being injected twice for LC–MS/MS
analysis. Data processing and statistical analyses for each investiga-
tion type are described in detail previously.

RESULTS

Confirmation of the Rpl3p H243 Methyl Site and
Determination of Stoichiometry

Amino acid analysis and mutational analysis had previously
shown that methyltransferase Hpm1p catalyzes the methyl-
ation of H243 (H243Me) on the large ribosomal subunit protein
L3 (Rpl3p) (Fig. 1A). However, efforts to detect this modifica-
tion by MS had only localized it to an 18-residue window of
G234 to C251 (11). To confirm Hpm1p-mediated H243Me, in-
gel tryptic digestion of Rpl3p from whole-cell lysates was
performed, and the resultant peptides were analyzed by
LC–MS/MS. This identified the methylated peptide
KTHMeRGLR and precisely localized the methylation to residue
243 (supplemental Fig. S1). Notably, the identified spectrum
contained a 124.088 m/z immonium ion (supplemental Fig. S1,
inset), which has recently been described as diagnostic for
histidine methylation (10). To generate a peptide with no
missed cleavages and thus more suitable for quantification, we
Mol Cell Proteomics (2022) 21(7) 100249 5
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FIG. 1. Identification of Rpl3p H243Me by bottom–up mass spectrometry. A, the histidine methyltransferase Hpm1p monomethylates
histidine 243 of the large ribosomal subunit protein Rpl3p. The methylation site of Rpl3p directly contacts the 25S rRNA and is in proximity to the
ribosomal peptidyl transferase center. B, PRM analysis of the LysC generated, Rpl3p methylated peptide THMeRGLRK (2+, 443.2672 m/z),
showing codetection of the fragments at the same retention time. C, extracted ion chromatograms of the precursors for the THRGLRK
(2+, 441.2750 m/z) and THMeRGLRK (2+, 443.2672 m/z) peptides, generated from LysC digest of the Rpl3p band in WT or Δhpm1 lysate.
H243Me, methylation of histidine 243; Hpm1p, histidine protein methyltransferase 1; PRM, parallel reaction monitoring.

The Proteome and Interactome Reflect hpm1 Null Phenotypes
digested proteins with Lys-C. Targeted MS/MS analysis of the
peptide THMeRGLRK showed chromatographic coelution of
the parent and fragment ions and further confirmed that the
methylation site is localized to H243 (Fig. 1B). Analysis of the
unmethylated and methylated forms of the LysC-generated
peptide from WT cells confirmed that this modification rea-
ches stoichiometric (>99.9%) levels on Rpl3p in vivo (Fig. 1C).
By contrast, methylation on this peptide in hpm1 knockout
cells is completely absent, proving that Hpm1p is the sole
methyltransferase responsible for this modification.
There have been conflicting reports (15, 16) on whether

Rpl3p is the only substrate of Hpm1p. We therefore investi-
gated whether additional histidine methylation sites could be
detected, by reanalyzing a published heavy-methyl-SILAC,
yeast deep proteome dataset (38). Heavy-methyl-SILAC en-
ables high confidence discovery of methylated residues by
analyzing a mixture of unlabeled and 13CD3-methionine-
labeled peptides (56). FDRs, a known issue in the discovery of
methylation sites (38), can be reduced through correlative
analysis of isotopic peaks in SILAC pairs and their chro-
matographic coelution profiles (39). Our analysis did not
detect any histidine-methylated peptides (data not shown).
This included the THMeRGLRK Rpl3p peptide; however, this is
produced from two missed tryptic cleavages and therefore
difficult to detect within complex lysates. Further analysis of all
data for the 124.088m/z diagnostic immonium ion also did not
detect any histidine-methylated peptides. Therefore, at least in
a comprehensive tryptic peptide set, we were not able to find
any evidence that Hpm1p catalyzes methylation of histidine
residues anywhere in the yeast proteome, except on Rpl3p as
described above and in Ref. (11).

Deletion of the hpm1 Gene Results in Sensitivity to
Environmental Stressors

The deletion of hpm1, and hence loss of Rpl3p H243
methylation, is known to result in ribosome-related defects
(11, 15–17). To further characterize the phenotype of this
6 Mol Cell Proteomics (2022) 21(7) 100249
knockout, we subjected WT and Δhpm1 yeast to a range of
environmental stressors (Fig. 2). This revealed growth defects
of Δhpm1 under oxidative stress (2 mM H2O2), membrane
stress (0.1 μg/ml amphotericin B), salt stress (1 M NaCl), and
cold stress (16 ◦C, RT). All other stressors tested, including
heat stress (37 ◦C), low nitrogen media, osmotic stress (1.5 M
sorbitol), and nitrosative stress (2 mM NaNO2), did not in-
crease or decrease the growth rate of the hpm1 deletion
mutant. To further investigate whether H243 methylation on
Rpl3p specifically mediated these responses, we constructed
the Rpl3p-H243A point mutant and compared its growth with
a matched WT control that also contained the URA3 selection
cassette used in our genome editing (supplemental Fig. S2).
Interestingly, this revealed that the H243A mutant phe-
nocopied the hpm1 knockout sensitivity for some stressors
(cold and salt stress) but that only the hpm1 knockout was
sensitive to other stressors (H2O2 and amphotericin). This
observation has parallels with those of the study by Al-Hadid
et al. (16), who saw perturbed levels of ribosomal subunits in
hpm1 knockout cells but not in Rpl3p-H243A. Our results
show that loss of Hpm1p is associated with sensitivity to a
number of environmental stressors and clear extraribosomal
phenotypes.

Protein Abundance Profiling Identifies a Role for Hpm1p in
Carbon Metabolism

To investigate the reasons for the aforementioned Δhpm1
growth phenotypes, and others previously reported, we
compared the proteome of WT and Δhpm1 yeast (Fig. 3A). To
do so, we cultured each strain in media containing either un-
labeled lysine and arginine (light) or heavy-isotope labeled
lysine and arginine (heavy, +8 and +10 Da, respectively). We
confirmed efficient (>99%) incorporation of heavy lysine and
heavy arginine in isotopically labeled cultures (supplemental
Fig. S3) and controlled for mixing by normalizing ratios. In a
double label-swap SILAC design, MaxQuant (41) identified
55,113 unique peptides (length ≥7 amino acids) at 1% FDR



FIG. 2. hpm1 knockout sensitizes yeast to cold, to oxidative, and cell membrane stress. WT and hpm1 knockout BY4742 Saccharo-
myces cerevisiae were cultivated in liquid cultures overnight to saturation, adjusted to 0.2 absorbance at 600 nm, and serially diluted 1:10 five
times. Five microliters of each dilution was spotted onto synthetic complete agar plates with cold, heat, oxidative, salt, osmotic, or cell
membrane stressors. Hpm1p, histidine protein methyltransferase 1.
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from five SCX fractions per biological replicate, analyzed in
technical duplicate. This corresponds to 3801 unique protein
groups with at least two unique peptides (supplemental
Table S1). The knockout status of the Δhpm1 BY4742 was
confirmed, with ion intensity from peptides in Hpm1p
(LVTIPNLVITWAK, LTFEEFQSPIYR, EQWYALQKDECEDI-
PINNEELLLTSK) only identifiable and quantifiable in the WT
strain (data not shown). Proteins with at least two successfully
quantified peptides were subjected to statistical analysis,
which revealed 11 proteins changing with significance
(adjusted p value ≤0.05), all of which had log2 fold change >±1
(supplemental Table S2). One protein was upregulated,
Tdp1p. The downregulated proteins included glycolysis en-
zymes Emi2p, Hxk1p, and Glk10p, trehalose synthesizing
enzymes Tps2p and Tsl1p, glucose-regulated protein Ygp1p,
and proteins in other systems, such as Rep2p, Pho84p,
Sse2p, and Rtc3p (Fig. 3B). Functional enrichment analysis on
a more extensive list of 24 proteins with adjusted p values
≤0.1 identified several processes broadly related to carbon
metabolism with statistical significance (Fig. 3C). These were
cellular response to desiccation (GO: 0071465), trehalose
biosynthetic process (GO: 0005992), cellular glucose ho-
meostasis (GO: 0001678), carbohydrate phosphorylation (GO:
0046835), glucose 6-phosphate metabolic process (GO:
0051156), and carbohydrate catabolic process (GO: 0016052).
Furthermore, mapping of proteome changes to all members of
the trehalose synthetic pathway (Tsl1p, Tps1p, Tps2p, and
Tps3p) revealed general downregulation of this metabolic
pathway in Δhpm1 (Fig. 3D). Our results relate to previous
observations from large-scale screens that Δhpm1 yeast grow
faster than WT cells on media containing nonfermentable
carbon sources, such as xylose (25), glycerol, and ethanol
(19). These carbon sources allow cells to either entirely avoid
glycolysis or be more reliant on metabolic pathways such as
oxidative phosphorylation. All four known members of the
trehalose synthetic pathway (Tsl1p, Tps1p, Tps2p, and Tps3p)
were downregulated in Δhpm1 (Fig. 3D).

Differential In Vivo Crosslinking of S. cerevisiae Proteins

hpm1 deletion cells are hypersensitive to membrane,
oxidative, and salt stress (Fig. 2). These phenotypes were not
readily explained by changes in protein abundance but may
arise because of changes in PPIs or gross changes in protein
structures. To investigate this, we adapted the PIR in vivo
crosslinking approach (31) for use in S. cerevisiae, which
employs the lysine-reactive and MS-cleavable crosslinker
BDP–NHP (Fig. 4A). This was achieved through (1) use of 2n
native SILAC metabolic labeling and (2) addition of an enzy-
matic digestion step of whole yeast with zymolyase to per-
meabilize the cell wall to the PIR crosslinker. Our experiment
represents the first in vivo large-scale crosslinking MS analysis
of budding yeast, and one which uses an enrichable and MS-
cleavable crosslinker.
To compare WT and Δhpm1 cells using this approach, cells

were metabolically labeled and then mixed in a label-swap
design before downstream spheroplasting, crosslinking, and
protein extraction. Tryptic digests of lysates were fractionated
using SCX and crosslinker-reacted peptides then enriched
with monomeric avidin beads, generating five fractions per
biological replicate. These were analyzed with LC–MS/MS by
stepped HCD in technical duplicate. The Mango/Comet/
XLinkProphet pipeline confidently identified 1889 nonredun-
dant cross-linked peptide pairs at a 1% FDR (controlled at the
nonredundant cross-linked peptide level) (supplemental
Table S3). This represented 1267 URPs, of which 261 (21%)
were interprotein links and 1006 (79%) were intraprotein links.
Redundancy observed in raw CSMs was due to SILAC la-
beling (doubled by the presence of heavy-labeled CSMs) and
Mol Cell Proteomics (2022) 21(7) 100249 7



FIG. 3. Proteomic analysis identifies changes to sugar metabolism upon hpm1 knockout. A, label-swap replicates prepared by 2nSILAC
(arginine +10, lysine +8) were used to compare the steady-state proteome of log-phase WT and Δhpm1. The tryptic digests were fractionated by
SCX and then subjected to high-resolution HCD MS/MS analysis on a Fusion Lumos. B, results of the differential proteome abundance analysis.
Labeled proteins have an adjusted p value ≤0.05 and log2 fold change ≥1 or ≤−1. C, statistically significant child terms resulting from a Panther
Biological Process GO term overrepresentation analysis using 24 proteins as input (adjusted p≤ 0.1), with all quantified proteins used as
background. Changing GO terms are annotated, and the asterisk * represents enrichment fold changes >100. D, proteins involved in the
trehalose biosynthetic pathway, with protein log2 changes overlaid by color. 2nSILAC, isotopic labeling of lysine and arginine in prototrophic
yeast; GO, Gene Ontology; HCD, higher-energy collision dissociation; SCX, strong cation exchange.
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a high degree of URP overlap (46%) between biological
replicates (Fig. 4B).
We first explored the identified URPs in terms of structural

information and PPIs. The intralink URPs represented 1006
in vivo structural constraints for 251 unique proteins. Mapping
of all (interprotein and intraprotein) URPs onto an ensemble of
PDB structures showed that 93% of the 543 mappable URPs
fell within the 42 Å theoretical distance constraint of the PIR
crosslinker (Fig. 4C). Notably, the distribution of Euclidean
distances imposed by random lysine–lysine links in these PDB
structures was much broader, with only 49% falling within the
PIR distance cutoff. Unmappable intraprotein URPs represent
valuable information for proteins, which have no experimental
structure or where part of the available structure is unresolved.
An additional 261 URPs represented 146 unique in vivo PPIs,
including homodimers (Fig. 4D). Twenty-six unique PPIs were
of very high confidence (with more than one CSM) and also
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novel (without curation in the APID protein interaction data-
base (57)). An example is the interaction between the
uncharacterized protein YKR015Cp and histones H3 and H2B.
To investigate the effect of hpm1 knockout on the structural

proteome and interactome, as measured by crosslinking MS,
light- and heavy-labeled cross-linked peptides were quantified
by generating extracted ion chromatograms in MethylQuant
(39). This was possible for 877 URPs, with 390 URPs quanti-
fied in both replicates (Figs. 5A, S4 and supplemental
Table S4). Of these 390, 60 URP ratios changed significantly
(q value ≤0.05, log2 ratios ≥0.3 and ≤−0.3), indicating the
modulation of a protein’s structural conformation or PPI. We
investigated whether there were URPs that were unique in the
WT or hpm1 knockout strains. To do this, we asked if there
were exclusively quantifiable URPs in one strain, and further-
more, if they were reproducibly unique in label-swap repli-
cates. We were not able to detect any such crosslinks in our



FIG. 4. Large-scale crosslinking mass spectrometry (MS) for the monitoring of in vivo protein structure and interactions in
Saccharomyces cerevisiae. A, experimental overview of quantitative crosslinking MS to compare WT and Δhpm1 cells, adapted for use with
S. cerevisiae by the enzymatic digestion of the yeast cell wall to increase permeability to the MS-cleavable crosslinker BDP–NHP (PIR). A sample
was taken before SCX fractionation, for single-shot proteomic analysis and to normalize crosslinking data for changes in protein abundance.
B, overlap of unique residue pair (URP) identifications between biological replicates. C, density histogram of minimum distances for 543
interprotein and intraprotein URPs, and random lysine-lysine pairs, when mapped to 794 possible cognate PDB structures. D, protein interaction
network (including unambiguous homodimers) represented by the identified URPs. Nodes are unique proteins, and edges are URPs. BDP–NHP,
biotin–aspartate proline–N-hydroxyphthalimide; PDB, Protein Data Bank; PIR, protein interaction reporter; SCX, strong cation exchange.

The Proteome and Interactome Reflect hpm1 Null Phenotypes
analysis. We also asked whether there was evidence of
crosslinking between heavy- and light-labeled peptides, which
may arise from the mixing of proteins from cells before
crosslinking occurred. There were only 51 of 21,978 (0.23%)
spectra with PIR ions where the individual peptides were of
different label (at a PSM FDR of 1%).
To confirm that changes in cross-link abundance were not

simply a result of differential protein abundance, we also
analyzed the proteome of the cross-linked spheroplasts
(Fig. 4A and supplemental Table S5). Note that this is a
separate analysis to that which was presented previously
(Fig. 3), which was performed on the non–cross-linked and
nonspheroplasted proteome. This revealed that most proteins
were not changing in abundance between WT and Δhpm1
yeast (supplemental Fig. S5). A direct comparison of the 60
significant URP ratios to the mean protein level ratio of the
cognate proteins, obtained from the parallel proteomic anal-
ysis, revealed that 44 URPs changed (q value ≤0.05) beyond
the level of protein abundance changes (Fig. 5B and
supplemental Tables S6 and S7).

Quantitative Changes in Crosslinks are Associated With
Phenotypes of Δhpm1

We examined the cases where URPs changed in abun-
dance beyond detected changes in abundance of cognate
proteins. The ratios of changed interprotein and intraprotein
URPs and of their proteins are given in supplemental
Tables S6 and S7, respectively. Interestingly, some of the
Mol Cell Proteomics (2022) 21(7) 100249 9



FIG. 5. Quantitative large-scale crosslinking reveals modulation of the structural proteome and interactome in hpm1 knockout yeast.
A, volcano plot showing Δhpm1/WT ratios for 390 URPs, successfully quantified in both biological replicates. Crosslinks were averaged across
biological replicates to form the URP log2 ratio, after normalization for mixing as determined by the matched proteomics experiment. Statistical
significance was determined using a two-tailed unpaired t test, with BL multiple testing correction. Colored URPs have q values ≤0.05 and log2
ratios ≥0.3 or ≤−0.3. About 37 URPs with extreme q values been excluded from this plot to aid visualization of most URPs. B, lysine–lysine
network view of URPs with statistically significant change, after adjustment for changes in cognate protein(s). Nodes contain lysine residue
numbers, with the associated protein name annotated in proximity. Ratios of change are overlaid in color for both protein levels (on nodes) and
URPs (on edges). BL, Boca and Leek’s FDR regression method; URP, unique residue pair.
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observed changes related to key phenotypes of the Δhpm1
knockout. These included a phenotype of decreased expres-
sion of many proteins in the proteome (Fig. 3B), and changes
to proteins in membranes, the mitochondria, and some
metabolic processes. For example, our crosslinking indicated
that Δhpm1 cells may modulate some transcriptional pro-
cesses (and hence the proteome) through changes to chro-
matin. URP interlinks involving the histone subunits increased
in abundance in the knockout strain (Fig. 5B), suggesting
chromatin compaction. Consistent with these observations,
reinvestigation of our proteomic data revealed that acetylation
of histone Hta1/2p lysine 8 (H2AK7ac, from the tryptic peptide
SGGKGGKAcAGSAAK), a transcriptionally activating epige-
netic modification (58, 59), was downregulated in the
knockout strain, with a Δhpm1/WT log2 ratio of −1.03 (data not
shown). As noted, this reflects what we observed in our non–
cross-linked proteome analyses where most differentially
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abundant proteins, and indeed the majority of other proteins
we quantified, were downregulated on hpm1 knockout
(Fig. 3B). By contrast, no clear changes were detected in the
abundance of other acetylated histone peptides including in
Htb1p-K12 (H2BK11ac, from KPASKAcAPAEK) and Htb2p-K7
and Htb2p-K8 (H2BK6ac from SSAAEKAcKPASK and
H2BK7ac from SSAAEKKAcPASK, respectively).
In a different phenotype, wherein Δhpm1 yeasts were sen-

sitive to the membrane stressor amphotericin B (Fig. 2), we
noted a relationship with changed URPs. URP intralinks
identified within the plasma membrane–embedded ATPase
Pma1p, and in the endoplasmic reticulum chaperone Kar2p,
were greatly increased in the Δhpm1 strain. In addition, there
were changes to intralink URPs within the Yet3p and Sey1p
proteins, which also reside in the endoplasmic reticulum. In a
further example, there was an intralink URP change in the
plasma membrane sodium transporter Ena2p, which may
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reflect the increased sensitivity of this strain to salt stress
(Fig. 2). Interestingly, we were able to detect structural
changes in enzymes involved in glucose metabolism, which
may reflect the changes to metabolic processes detected in
Figure 3. This included the cytochrome b reductase Cbr1p,
the pyruvate kinase Cdc19p, and phosphopyruvate hydratase
Eno2p, which are involved in gluconeogenesis and glycolysis.
Mitochondrial dysfunction is known to increase the sensi-

tivity of yeast to reactive oxygen species, such as that in the
2 mM H2O2 treatment, which reduced Δhpm1 growth in our
plate assays (Fig. 2). The mitochondrion is also essential for
respiration, necessary for growth on alternative carbon sour-
ces. Interestingly, some URPs involved in mitochondrial
membrane protein sorting (Phb1p and Phb2p) showed sig-
nificant change (Fig. 5B). For the proteins prohibitin 1 and 2,
the cross-linked peptide FLVEKAEQER-AAFVVDKAR repre-
sented in the Phb1p-203:Phb2p-232 URP, increased in
Δhpm1 yeast (Δhpm1/WT log2 ratio of 1.1). However, the
Phb1p and Phb2p proteins themselves did not change in
abundance, with Δhpm1/WT log2 ratios of −0.08 and −0.01,
respectively. Hence, the PPI between prohibitin 1 and 2,
known to be involved in many mitochondrial membrane
functions including protein chaperoning (60), increased in
Δhpm1 yeast. Other mitochondrial protein URPs were also
increased, including in the 2-oxodicarboxylate transporter
Odc2p, protein import chaperone Ssc1p, and mitochondrial
resident protein Cbr1p (Fig. 5B).

Functional Validation of Processes in hpm1 Knockout That
Showed Altered Intraprotein or Interprotein Crosslinks

Having found associations, aforementioned, of changed
protein and cross-link abundance with some hpm1 knockout
phenotypes, we asked whether we could predict and then
FIG. 6. Changes in intraprotein and interprotein crosslinks can exp
at 600 nm of WT and Δhpm1 strains grown in SC media were monitored
affected by Pma1p. Statistical significance reflects the results of compar
where **** = p < 0.0001, and shading indicates the 95% confidence interv
yeast ribosome in complex with mRNA, tRNA, and eukaryotic elongatio
both replicates are shown, with blue crosslinks determined to be significa
to the underlying protein levels. C, to assay for changes to mitochondrial a
was determined by flow cytometry analysis of 10,000 events in WT and
normalized against the matched unlabeled control sample. Statistical
** = p < 0.01. PDB, Protein Data Bank; SC, synthetic complete; URP, un
functionally validate further hpm1 knockout phenotypes solely
from changes in intraprotein or interprotein crosslinks. Here,
we provide three examples, first through considering cross-
links for a single protein, then by considering crosslinks in a
large protein complex, and then through considering changes
in a eukaryotic organelle.
Pma1p is a plasma membrane proton pump whose role is to

directly regulate and acidify the extracellular pH, often in
response to environmental and nutrient cues. This is done as a
function of its structure (61). Interestingly, many crosslinks
within Pma1p were found to be significantly increased in the
hpm1 deletion strain (Fig. 5, A and B and supplemental
Table S6), raising the prospect that it has an altered struc-
ture and function. To test whether the rate of media acidifi-
cation differed between WT and Δhpm1 strains, we measured
media pH as a function of absorbance during exponential
growth (Fig. 6A). Δhpm1 cells exhibited a significantly slower
acidification rate compared with the WT strain during its
growth (p < 0.0001, comparing one-phase decay nonlinear
regressions using an extra-sum-of-squares F test). Our
crosslinking experiments were performed in cells harvested at
midlog growth, a time where changes in media pH of strains
were becoming evident. The changes in Pma1p cross-link
abundances on hpm1 deletion (Fig. 5, A and B and
supplemental Table S6), likely associated with a change in
protein structure, could here predict a phenotype—being a
difference in the rate of media acidification.
Hpm1p is a methyltransferase that methylates H243 of ri-

bosomal protein Rpl3p. Many of the significantly changing
URPs did involve ribosomal proteins, with the knockout of
hpm1 resulting in a downregulation of these crosslinks (Fig. 5,
A and B and supplemental Table S6). When ribosomal URPs
successfully quantified in both replicates were mapped to the
lain or predict cellular phenotypes. A, the media pH and absorbance
over time to assess the rate of media acidification. This phenotype is

ing nonlinear regression models using an extra-sum-of-squares F test,
al of each model. B, mapping of URPs onto a cryo-EM structure of the
n factor 2 (eEF2) (PDB: 6GQV). Only crosslinks that were quantified in
ntly downregulated upon hpm1 knockout and independent of changes
ctivity and dysfunction, the mean intensity of MitoSOX staining per cell
Δhpm1 cells. The mean population intensity for each replicate was
analysis was performed using an unpaired two-tailed t test where
ique residue pair.
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cryo-EM structure of the yeast ribosome complexed with
mRNA, tRNA, and eukaryotic elongation factor 2 (PDB: 6GQV)
(55) (Fig. 6B), we found some URPs proximal to Rpl3p with
significant change. There was also evidence of some allosteric
changes further from Rpl3p, in the 40S subunit. The evaluation
of these findings, alone, would suggest changes to ribosome
function. Perhaps unsurprisingly, and as noted earlier in this
article, the literature shows that hpm1 deletion leads to
increased stop-codon readthrough, programmed −1 ribo-
somal frameshifting, amino acid misincorporation, and
increased resistance to ribosome binding drugs such as
cycloheximide and anisomycin (11, 15–17).
Finally, we asked whether crosslinks that change in an or-

ganelle's proteins could provide clues to altered function of
that organelle. Crosslinks within proteins involved in mito-
chondrial processes were significantly altered on hpm1
knockout (discussed in detail in the aforementioned section)
(Fig. 5, A and B). An increased burden of mitochondrial ac-
tivity/dysfunction results in an increased production of su-
peroxide by the organelle, for example, in respiratory growth
when cells require larger and remodeled mitochondria and the
ability to perform oxidative phosphorylation (62). To determine
whether altered mitochondrial PPIs and structures reflected a
change in mitochondrial function, we determined whether the
degree of superoxide production differed between WT and
hpm1 deletion strains (Fig. 6C). Flow cytometry analysis of
cells stained with the mitochondria-specific superoxide sensor
MitoSOX revealed a significantly higher degree of staining,
and hence higher burden of mitochondrial stress, in hpm1
deletion cells (p < 0.01 resulting from an unpaired two-tailed t
test). This finding agrees with our crosslinking results of
altered mitochondrial processes and in addition may relate to
an increased propensity for respiratory growth as suggested
by our proteomics data (Fig. 3C). More generally, this example
shows how changes to multiple protein structures and in-
teractions within an organelle may provide evidence for per-
turbations to change of function.
DISCUSSION

Hpm1p is the sole histidine methyltransferase in yeast.
Previous studies have established the importance of this
enzyme for H243Me in Rpl3p and its role in regulating ribo-
somal assembly and translational fidelity (11, 15–17). Here, we
have confirmed the position and stoichiometry of the Rpl3p-
catalyzed H243 methyl site. We have also expanded the
biology of Hpm1p and histidine methylation by describing new
phenotypes for hpm1 knockout cells. Our observations are
consistent with previous systematic screens, which reported
ribosomal and nonribosomal phenotypes for such cells
(19–30). To investigate the molecular underpinnings of these
phenotypes, we used the complementary techniques of pro-
teomics and crosslinking MS. Strikingly, we observed distinct
yet functionally convergent changes to many aspects of the
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proteome including protein abundance, PTMs, structural
conformations, and PPIs. From this, we identified a role for
Hpm1p in carbon metabolism and membrane biology.
Importantly, we found that changes to the interactions or
structure of proteins, as detected by crosslinking MS, could
explain or predict aspects of Hpm1p biology not seen with
expression-based proteomics.

Monitoring Protein Structure and Interactions Generates
Novel Insights Into Mechanisms and Phenotypes

A focus of this study was the use of large-scale quantitative
crosslinking MS to investigate protein function. Our results
highlight several benefits of such an approach, including its
orthogonality to protein expression analysis, ability to molec-
ularly explore phenotype in an unbiased manner, and ability to
generate mechanistic insights.
An interesting case study is the structure–function changes

of Pma1p. Glucose levels can directly regulate its phosphor-
ylation status, its structural conformation and interactions,
resulting in modulation of its activity (summarized in Refs. (63,
64)). This plasma membrane ATPase did not change in
abundance upon hpm1 knockout in our deep proteome
analysis (Fig. 3). However, changes in Pma1p crosslinks
(Fig. 5B) on hpm1 knockout were observed; all were intra-
protein crosslinks, capturing changes to the structural
conformation of the protein. The discovery of these changes
prompted a functional investigation into extracellular pH,
which is affected by the proton pumping of Pma1p. Experi-
ments revealed a measurable difference in phenotype, with a
lower extracellular acidification rate in Δhpm1 (Fig. 6A). Given
our observation that hpm1 knockout cells are sensitive to the
membrane stressor amphotericin B (Fig. 2), and that changes
to pH are known to modulate membrane fidelity (65), altered
Pma1p structure may be a mechanism contributing to this
phenotype.
The discovery, by crosslinking (Fig. 5, A and B), of changes

in a PPI between two mitochondrial proteins led to a hy-
pothesis of altered mitochondrial activity. Phb1p and Phb2p
interact to form the PHB complex; an essential protein scaf-
fold hub that coordinates proteostasis, membrane organiza-
tion, chaperoning, and the assembly and stabilization of
oxidative phosphorylation complexes (reviewed in Ref. (66)).
To determine whether this changed interaction affects mito-
chondrial activity, we used flow cytometry and functional
dyes. This detected an increase in mitochondrial superoxide
(Fig. 6C) in the hpm1 knockout, which is a byproduct of a high
mitochondrial activity and load (reviewed in Ref. (67)). Inter-
estingly, this may explain the high sensitivity of Δhpm1 to
oxidative stress (Fig. 2). The changes seen to mitochondrial
PPIs, and structures of Phb1p, Phb2p, Odc2p, and Ssc1p,
may reflect a reorganization of mitochondrial membranes,
which is known to occur upon a shift to respiratory growth
(62). To summarize this example, we were able to detect and
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validate a functional effect, indicated by a change in PPI, and
which was detected by crosslinking MS.

Alterations to Carbon Metabolism and Membranes in
Δhpm1 Cells

In the hpm1 knockout, there was evidence for the modu-
lation of sugar synthesis and metabolism. Our proteomic
expression analysis revealed that some enzymes involved in
glucose metabolism and fermentative growth were specifically
downregulated in Δhpm1 compared with WT (Fig. 3). These
changes may reflect a metabolic priming toward respiratory
growth, also evidenced by the fact that Δhpm1 cells have a
decreased growth rate on glucose but an increased growth
rate on alternative carbon sources, such as ethanol (19),
xylose (25), glycerol (19), and sucrose or fructose (19).
Notably, the protein Ygp1p, which was significantly down-
regulated in Δhpm1, is involved in physical and behavioral
changes associated with nutrient sensing. Specifically, Ygp1p
is implicated in the regulation of biofilm formation and is itself
regulated by extracellular glucose levels (68, 69). We did not
detect a concomitant increase in respiratory proteins. How-
ever, in our study, cells were cultured in media containing
glucose as the sole carbon source. They were harvested at
midlog phase, before high levels of ethanol could accumulate
from fermentation (the diauxic shift) and before substantial
metabolic remodeling occurs. We did however directly
observe alterations to the structure of two enzymes involved in
gluconeogenesis and glycolysis, Cdc19p and Eno2p, in our
crosslinking data (Fig. 5B).
We found that the trehalose biosynthetic pathway (Tsl1p,

Tps1p, Tps2p, and Tps3p) was downregulated upon hpm1
knockout (Fig. 3, C and D). The disaccharide trehalose is up to
15% of the dry cell weight of yeast (70) and acts not only as a
carbohydrate reservoir but also as a structural protectant
against physical stressors such as freezing and drying
(reviewed in Refs. (70, 71)). The downregulation of the treha-
lose pathway is consistent with our observations that Δhpm1
yeasts are sensitive to cold stress (Fig. 2) and the observations
by others of a decreased tolerance to desiccation (26). Inter-
estingly, the trehalose precursor trehalose-6-phosphate,
which is catalyzed by Tps1p from glucose-6-phosphate and
UDP-glucose, has also been shown to directly regulate the
ability of yeast to undergo glycolysis (72, 73), and Δtps1 cells
entirely lose the ability to grow on glucose (73).
We found that the deletion of hpm1 resulted in alterations to

membrane integrity and function. Our plate assays identified
severe growth defects in the membrane stressor 0.1 μg/ml
amphotericin-B upon hpm1 knockout (Fig. 2), and our
crosslinking and follow-up validation studies revealed a
change to Pma1p structure and function (Figs. 5B and 6A).
There are several other molecular links to membrane
dysfunction in our study. Amphotericin-B sequesters ergos-
terol (74), which is important for the structure and function of
membranes, and to membrane-bound organelles including
vacuoles. Indeed, hpm1 knockouts are reported to have al-
terations to both vacuolar structure and function (27, 75),
which may be associated with our observed change in the
abundance of the vacuolar protein Pho84p, which was highly
downregulated in the knockout strain. Dysfunctions in sterol
processes are known to result in a decreased tolerance to salt
stress (76), and we found that Δhpm1 yeast also exhibited
significant growth defects under 1 M NaCl. Alternatively, the
salt stress phenotype could be related to the changes in the
intralink URP we observed in the Ena2p sodium transporter
protein. We were also able to identify likely changes in
structure within other membrane proteins (which were not
changing in abundance themselves) associated with Δhpm1
phenotypes. These proteins included the plasma membrane
ATPase Pma1p (as noted previously), the endoplasmic retic-
ulum protein importer Kar2p, and mitochondrial membrane
protein sorters Phb1p and Phb2p.

The Substrates and Function of Hpm1p

In addition to revealing new biology for Hpm1p, our study
has also generated insights into the direct function of Hpm1p.
These include the possibility of undescribed substrates for the
enzyme. The question of substrate proteins for Hpm1p, that
exist in addition to Rpl3p, remains unresolved. In one study
(15), radiolabeled methylhistidines were detected by amino
acid analysis and largely attributed to ribosomal fractions. A
small amount of radiolabel was however detected in
membrane-bound organelles. This was attributed to the pro-
cess of ribosome biogenesis within the nucleus, as SDS-
PAGE revealed only one band, corresponding to Rpl3p in
size, that was absent in Δhpm1 fractions (15). A later study by
the same group (16) constructed an Rpl3p H243A mutant to
detect radiolabeled methylation in potential non-Rpl3p sub-
strates. This revealed two potential substrates in the post-
mitochondrial cellular fraction, although their identities were
not determined (16). While we did not find any evidence for
alternative Hpm1p substrates in our reanalysis of published
methyl-SILAC–LC–MS/MS data (38), novel methyl-histidine
sites could be either entirely absent or present at low stoi-
chiometry in the growth conditions sampled. Equally, they
could only be amenable to discovery with different endopro-
teinases to those used (38). Our investigation of the H243A
mutant (supplemental Fig. S2) revealed some evidence for
additional Hmp1p substrates, in that the mutant does not
completely phenocopy the hmp1 knockout. This phenomenon
was also seen previously (16). But the possibility also remains
that Hpm1p protein itself has additional molecular functions to
histidine methyltransferase activity. Interestingly, the stressors
that just affected Δhpm1 but not Rpl3p H243A (oxidative
stress, amphotericin B) related to the mitochondrial and
membrane processes that we could functionally validate.
Another means by which Hpm1p may directly mediate

phenotypes, that we and others have observed, is through the
modulation of ribosome heterogeneity. Alterations to the
Mol Cell Proteomics (2022) 21(7) 100249 13
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ribosome’s protein/RNA composition, PTM, and subcellular
localization have been demonstrated to modulate translational
specificity and fidelity (reviewed in Ref. (77)). Our study, and
those of others (11, 15–17) have only studied Rpl3p H243
methyl site stoichiometry in cells grown in media containing
glucose as the sole carbon source. In these conditions, the
site appears to be constitutively present. However, in another
link to metabolism, it is known that the levels of hpm1 tran-
scripts are regulated by metabolic conditions; for example,
they are specifically downregulated in response to xylose (25).
As the H243 site lies within the decoding center of the ribo-
some, and makes direct contact with rRNAs, modulation of
Rpl3p histidine methylation has potential to allosterically alter
the structure of this complex, and thus alter translational
specificity. In fact, modulation of translation specificity
through Rpl3p histidine methylation has been observed in the
knockout of hpm1’s human ortholog METTL18, which dis-
plays altered ribosome occupancies for specific groups of
genes, including those involving vacuolar and metabolic pro-
cesses (12). It has also been shown to affect ribosomal
translocation at tyrosine residues (78). There is some func-
tional evidence of change to the structure of the ribosome in
hpm1 knockout cells, which display increased resistance to
translational inhibitors such as cycloheximide, verrucarin, and
anisomycin (11, 15–17). In our study, we were able to directly
observe specific changes to the structure of some ribosomal
proteins, both locally surrounding Rpl3p and distally (Fig. 6B).
These allosteric changes were expected as the H243 residue
makes direct contact with the rRNA core of the assembled
ribosome.
CONCLUSIONS

Our study has shown how untargeted screens of PPIs and
low-resolution measures of protein structure, combined with
functional readouts and traditional quantitative proteomics,
can shed new light on complicated phenotypes. It has sub-
stantially expanded the biological role of histidine methylation
in S. cerevisiae and raised the possibility of alternative Hmp1p
substrates. This study has also raised interesting questions
about the role of histidine methylation as a possible modulator
of ribosomal heterogeneity and how it may alter translational
specificity. Technical advances, such as the development of
histidine methylation affinity reagents and the use of orthog-
onal proteomics methods, will ultimately decipher the enig-
matic functions of Hpm1p.
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