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Abstract

Human cells make use of hundreds of unique ubiquitin E3 ligases to ensure proteome
fidelity and control cellular functions by promoting protein degradation. These processes require
exquisite selectivity, but the individual roles of most E3s remain poorly characterized in part due
to the challenges associated with identifying, quantifying, and validating substrates for each E3.
We report an integrative mass spectrometry (MS) strategy for characterizing protein fragments
that interact with KLHDC2, a human E3 that recognizes the extreme C-terminus of substrates.
Using a combination of native MS, native top-down MS, MS of destabilized samples, and liquid
chromatography MS, we identified and quantified a near complete fraction of the KLHDC2-
binding peptidome in E. coli cells. This degronome includes peptides that originate from a
variety of proteins. Although all identified protein fragments are terminated by diglycine, the
preceding amino acids are diverse. These results significantly expand our understanding the
sequences that can be recognized by KLHDC2, which provides insights into the potential
substrates of this E3 in humans. We anticipate that this integrative MS strategy could be
leveraged more broadly to characterize the degronomes of other E3 ligase substrate receptors,
including those that adhere to the more common N-end rule for substrate recognition. Therefore,
this work advances “degronomics,” i.e., identifying, quantifying, and validating functional

E3:peptide interactions in order to determine the individual roles of each E3.
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Introduction

The ubiquitin-proteasome system (UPS) regulates intracellular protein degradation.! E3
ubiquitin ligases are essential UPS enzymes that transfer ubiquitin from an E2 conjugating
enzyme to a protein substrate? and ensure proteome fidelity by selectively eliminating aberrant
proteins that may have translation, folding, or other errors.’ There are hundreds of E3s in
humans, but the individual roles of most remain poorly characterized.* One tremendous hurdle
for determining the roles of individual E3s has been identifying their substrates. Several
techniques have been adapted for characterizing E3-substrate pairing, including affinity-based
capturing approaches,’ yeast two-hybrid methods,® high-throughput microscopy screens,’ and
phage display assays.® Bottom-up, mass spectrometry (MS) based proteomics,’ in which proteins
are enzymatically digested into peptides, peptides are separated using liquid chromatography
(LC), and peptides are sequenced using tandem MS, has been used to investigate several aspects
of the UPS. For example, targets of the entire UPS have been determined by identifying
ubiquitination sites across the proteome.'®!! Quantitative proteomics has been used to
characterize protein turnover in mammalian cells in response to expression of a selected E3
ligase, which identified several substrates for those E3s.!!3

One emerging technique for characterizing the UPS is global protein stability profiling
(GPS), which is a high throughput approach for characterizing the stability of individual
proteins.'* Recently, GPS was used to identify hundreds of potential substrates of the Skp1—
CULI1-F-box (SCF) family of ubiquitin ligases. Specific E3-substrate interactions are often
dictated by a short linear sequence, known as a degron, in the substrate that is specifically
recognized by the E3.! Identification of degrons can help predict and validate substrate targeting

by an E3. For instance, GPS revealed that one family of E3 ligases, the CUL2-RING ligases



59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

(CRL2), recognizes degrons at the extreme C-terminus of substrates.'®!” GPS analysis of
KLHDC?2, a member of the CRL2 family, revealed binding to selenoprotein fragments that
contain diglycine at the C terminus.'® Subsequent characterization using in vitro binding assays
and X-ray crystallography showed that KLHDC2 can recognize degron peptides with nanomolar
affinities via the top surface pocket of its B-propeller domain."

Despite substantial and sustained efforts to identify E3 ligase substrates, substrates have
been validated for relatively few E3s. One challenge is that established methods, including
conventional MS-based proteomics and GPS, do not directly probe E3:substrate binding. Native
MS, in which samples are prepared in aqueous solutions with physiological pH and ionic
strength, can preserve noncovalent interactions during transfer into the gas phase.?’ Due to this

21-23 and to characterize the

advantage, native MS has been used to identify protein cofactors
stoichiometry and composition of protein complexes.>*2® More recently, native top-down MS, in
which ions of intact proteins and protein complexes are subjected to fragmentation to yield
sequence information, has been used to identify proteoforms®’ and link that information to
higher-order protein structure.?®*’ Native MS has been used to construct structural models of the
CRL559¢52 Jigase® and to characterize cofactor binding to the SCFFBXL3 and SCFTR! E3.31-32
We recently used native top-down MS to corroborate interactions between KLHDC2 and a
selenoprotein fragment identified through GPS analysis;!° otherwise native MS and native top-
down MS have not been used previously to characterize E3:substrate interactions.

In this study, we report an integrative MS strategy that combines results from native and
non-native experiments to characterize KLHDC2:peptide complexes that were copurified from

cells. We describe the first application of native top-down MS to identify unknown copurified

peptides. Our results provide direct evidence that KLHDC?2 recognizes cellular peptides
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containing C-terminal glycylglycine or glycylalanine, and demonstrates high-affinity binding for
a diverse profile of peptides that contain those features. These results significantly expand our
understanding of degrons that can be recognized by KLHDC2, which aids in identifying
potential substrates of this E3 in humans. More generally, this integrative MS strategy advances
“degronomics,” i.e., identifying, quantifying, and validating functional E3:peptide interactions in

order to determine the individual roles of each E3.

Methods

Molecular Biology and Protein Purification for Mass Spectrometry Experiments.
The kelch repeat domain of human KLHDC2 (UniProt: Q9Y2U9, amino acids 22-362) was
subcloned into the pET vector with an N-terminally fused His-elongation factor Ts (TSF) and a
TEV-cleavage site. The His-TSF-KLHDC?2 protein was overexpressed and purified from BL21
(DE3) E. coli cells. Bacterial cells transformed with the pET-based expression plasmid were
grown in LB broth to an ODeoo of 0.8-1 and induced with 0.5 mM IPTG. Cells were harvested,
re-suspended and lysed in lysis buffer (20 mM Tris, pH 8.0, 200 mM NaCl, 20 mM imidazole) in
the presence of protease inhibitors (1 pg mL™" leupeptin, 1 pg mL™! pepstatin and 100 uM
phenylmethylsulfonyl fluoride) using a microfluidizer. The His-TSF-KLHDC?2 protein was
isolated from the soluble cell lysate by HisPur™ Ni-NTA Superflow Agarose (Thermo Fisher
Scientific, Waltham, Massachusetts). After TEV cleavage of the His-TSF, KLHDC2 was further
purified by Q Sepharose High Performance resin (GE Healthcare, Chicago, Illinois). The NaCl
eluates were subjected to Superdex-200 size-exclusion chromatography (GE Healthcare). All

samples were flash frozen in liquid nitrogen for storage prior to use.
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Native MS. KLHDC?2 purified from E. coli cells was buffer exchanged into aqueous
ammonium acetate (200 mM, pH 7) using four cycles of dilution and re-concentration with a
10K MWCO Spin-X UF centrifugal concentrator (Corning Inc., Corning, New York) at 14,000 g
and 4 °C. The final concentration of KLHDC?2 used for experiments was approximately 20 uM.
2-3 puL of the prepared solution was added into the tip of a pulled borosilicate glass capillary. A
platinum wire electrode was inserted into the capillary and placed in direct contact with the
solution. A potential between 0.5 and 1.0 kV was applied to the electrode to achieve ionization.>
Those ions were then analyzed using a hybrid electrospray/quadrupole/ion-mobility/time-of-
flight mass spectrometer (Waters Synapt G2 HDMS, Milford, Massachusetts). Native mass
spectra were acquired using a 45 V bias between the sampling and extraction cones in the
atmospheric-pressure interface that was operated at room temperature, and using a 3 V bias
between the quadrupole mass filter and the trap collision cell that contained ~20 mTorr of argon
gas. Activation in the trap collision cell was performed using those conditions, except that the
bias between the quadrupole and trap collision cell was increased to 45 V. Activation in the
atmospheric-pressure interface was achieved by increasing the bias between the sampling and
extraction cones to 120 V. Tandem MS of peptide ions released during activation in the
atmospheric-pressure interface was performed by increasing the bias between the quadrupole
mass filter (used to isolate a released peptide ion) and the trap collision cell to 30-45 V. Mass
spectra were calibrated externally using spectra obtained from electrospray ionization of 30 mg
mL ™" aqueous Csl.

MS from Destabilizing Conditions. Thermal destabilization was achieved by
transferring approximately 5 pL of the sample prepared for native MS into a 1.5 mL snap-cap

vial, which was then placed in 55 °C heat block for 5 minutes. Chemical destabilization was



127  achieved by adding 15% acetonitrile and 1% formic acid by volume into the sample prepared for
128  native MS. The thermally and chemically destabilized samples were then each analyzed using
129  the parameters described for native MS. Tandem MS was performed by increasing the bias

130  between the quadrupole mass filter (used to isolate the selected peptide ion) and the trap collision
131  cell to 25-45 V.

132 LC-MS2. The sample prepared for native MS was adjusted to pH 4 with the addition of
133 triflouroacetic acid, loaded onto a Pierce Cis tip with a 10 pL bed (Thermo Fisher Scientific),
134 washed, and eluted using an aqueous solution with 70% acetonitrile and 0.1% formic acid by
135  volume. Peptides were separated using a nanoAcquity UPLC (Waters) using a 150 mm fused-
136  silica emitter that was packed with reversed-phase ProntoSIL AQ 120-C18 5 um resin

137  (Bischoff Chromatography, Germany). A 60-minute linear gradient from 10-30% organic
138  phase (acetonitrile with 0.1% formic acid), followed by a 1-minute gradient to 80% organic
139  phase, was used with a flow rate of 0.3 pL/min. The eluent was analyzed using a Q Exactive
140  Plus mass spectrometer (Thermo Fisher Scientific) and a data-dependent acquisition method.
141  Full-scan MS spectra were acquired in positive ion mode with the resolution set to 70k and
142 with a scan range of 400 to 2,500 m/z. MS? spectra were acquired on the top 20 precursors
143 present in the MS! scan, and MS? spectra were acquired at 17.5k resolution with a 1.5 m/z
144  isolation window.

145 Peptide Identification. Peptide sequences were identified using unrestricted database
146  searches and downstream validation. A protein database was constructed that contained the E.
147  coli BL21 proteome (Proteome ID UP000002032),** the His-TSF-KLHDC?2 fusion protein that
148  introduced with molecular biology (Figure S3), and reverse-sequence protein decoys. The

149  experimental data was searched against this database using both Comet* and MSFragger.>®
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Searches were performed using standard settings for accurate mass data and allowing for a wide
range of isotope errors (-1, 0, +1, +2, +3 isotope offsets). The results of both searches were each

analyzed with PeptideProphet®’

using only the expect score as the discriminate and using the
decoys to establish the negative distribution. Those analyses were then combined using
iProphet.3® This workflow was performed within the Trans-Proteomic Pipeline,*® except the
MSFragger search and the subsequent PeptideProphet analysis were performed using FragPipe.*
Quantification based on the LC-MS data was performed using XPRESS* in label-free mode
within the Trans-Proteomic Pipeline. PEAKS Studio 8.5 (Bioinformatics Solutions, Waterloo,
Ontario) was used to sequence spectra obtained from native top-down and destabilizing MS
experiments. Spectra from those experiments were signal averaged using MassLynx v4.1,
converted into a single mzML file, then searched using a 0.1 Da precursor mass tolerance and a
0.1 Da fragment ion tolerance with no enzyme selected for de novo sequencing. For PEAKS DB
analysis, the UniProt E.coli BL21 and K12 proteomes were combined with the FASTA entries
for human KLHDC?2 and the His-TSF tag.

Determining Relative Abundances of Bound Peptides. The native mass spectra were
resampled with 4 equally spaced points between each m/z value. The signal profile for apo
KLHDC?2 was used to represent the contributions from each KLHDC2:peptide complex. A
template was created by first isolating the feature for apo KLHDC2 in the resampled spectrum.
Since the tailing edge of this feature was obscured by the peptide-bound portion of the spectrum,
a tail was added by reflecting the leading edge of the profile and then reducing the intensity of
this tail to reach the baseline of the spectrum. The relative intensity (/) for each complex was

optimized by minimizing the total residual (Equation 1) using Powell’s conjugate gradient

method.*! A notebook illustrating this method is included with the Supporting Information.
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Results and Discussion
KLHDC?2 is a human E3 ligase that is of considerable interest because it recognizes the

16-19 rather than the more common N-end rule*? for substrate

C-terminus of substrates,
recognition. As part of our effort to characterize the molecular biophysics of KLHDC2, we used
native MS to analyze this protein purified from E. coli cells. Several high-intensity peaks were
observed at m/z values expected for the 11+ to 13+ charge states of apo KLHDC?2. To our
surprise, many additional features were also observed (Figure 1). The unexpected features
correspond to ions that are approximately 400 to 1500 Da greater in mass than apo KLHDC2 and
suggest that many different peptides had complexed with KLHDC?2. Since exogenous peptides
were not added at any point, these peptides must have bound to KLHDC2 during their expression
or purification from E. coli cells. Therefore, the bound peptides represent bacteria-produced
protein fragments that copurified with KLHDC?2. To the best of our knowledge, these spectra
show the first evidence of copurified protein fragments bound directly to an E3 using MS. Here
we report the integrative mass spectrometry strategy that we developed to identify and quantify
the protein fragments that comprise the interacting peptidome of this E3 ligase, i.e., the

degronome of KLHDC?2 in these cells. We then discus the properties of this degronome and the

potential for using this strategy to determine the roles of individual E3 ligases.
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Figure 1. Native mass spectrum of KLHDC2
@#poKLHDC2 ©n2r expressed in E. coli cells. In addition to
features expected for apo KLHDC?2,

Qi+ additional features corresponding to ions that
are approximately 400-1500 Da larger in mass
relative to the apo protein are also observed.
@13+ These features are attributed to
KLHDC2:peptide complexes. Intensities
below 3200 m/z are increased tenfold to aid in

Intensity

visualization.

10x /lj LM

1 ] ] ]
3600 mj/z

3000 3200 3400
Native Top-Down MS. To determine the identity of the copurified peptides, we first
used native top-down MS, i.e., subjecting intact KLHDC2:peptide complex ions to multiple
stages of activation in order to sequence the bound peptides. Peptides were released using
collision-induced dissociation (CID), which was achieved at the atmospheric-pressure interface
or in the trap collision cell of the mass spectrometer. When CID was performed in the trap
collision cell, the transmission profile of the quadruple (positioned immediately prior to the trap
cell and operated as an RF-only guide) was set to favor higher-m/z ions corresponding to apo or
peptide-bound KLHDC?2. This filtered away lower-m/z contaminants, including any peptides that
were unbound in solution, and provides high confidence that the peptide ions observed after CID
were released from complexes with KLHDC2. When CID was performed at the atmospheric-
pressure interface, it is possible that unbound peptides from solution may also be transmitted.
CID performed in the trap collision cell (Figure S1) or at the atmospheric-pressure interface
(Figure 2A) both yielded identical peptide ions, which corroborates that the peptide ions in both
experiments originated from complexes with KLHDC2. Peptide ions released at the atmospheric-

pressure interface were used for acquiring peptide fragmentation spectra because those ions

could be quadrupole selected prior to subsequent fragmentation.

10
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Seven interacting peptides were identified using native top-down MS; representative
fragmentation spectra are shown in Figure 2B and S2. In order to minimize bias, the
fragmentation spectra were first analyzed using unconstrained de novo sequencing and the
candidate sequences were compared with a protein library, as described in the Methods. Five of
the peptides are assigned to a series of N-terminal truncations of ASDEGEVIVFGG (Figure 2B),
which is a fragment of KLHDC?2. This assignment was validated by subjecting synthetic
ASDEGEVIVFGG to tandem MS on the same instrument (Figure 2C). The origin of the N-
terminal truncations are not yet understood, but are presumably the result of digestion or
degradation that occurred in vivo. The other two peptides were assigned to EKGGGSGGG and
GGGSGGQG, which are fragments of the His-elongation factor Ts (TSF) tag that was fused to the
N-terminus of KLHDC2 for expression and purification purposes (Figure S3). These peptides all
feature C-terminal diglycine, which is present in the majority of the reported degrons of
KLHDC2.!” These seven degron-like peptides were all identified through the direct analysis of
KLHDC2:peptide complexes that were formed in cells or during cell lysis and survived

extensive purification.

11
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Figure 2. Native top-down MS of KLHDC2:peptide complexes. (A) Complexes were ionized

and subjected to collision-induced dissociation (CID) at the atmospheric-pressure interface of the
mass spectrometer, resulting in the release of peptide ions that are labeled using the IDs in Table
1. Intensities are increased fivefold to aid in visualization. Additional ions are annotated in
Figure S2. (B) Ion F was isolated and subjected to CID in the trap collision cell of the
instrument. CID fragments (labeled using the scheme of Roepstorff and Fohlman)* were used to
assign ion F'to ASDEGEVIVFGG, which is a fragment of KLHDC2. (C) Synthesized
ASDEGEVIVFGG was resuspended in aqueous 200 mM ammonium acetate, ionized using
electrospray, and subjected to CID in the trap collision cell of the same instrument. The
fragmentation spectra in B and C are nearly identical, which corroborates the assignment of

peptide F to ASDEGEVIVFGG.

12



247
248

249
250

251

Table 1. The degronome of KLHDC2 in E. Coli Cells based on observations (©) and sequencing

(®) in Native, Destabilizing, and Liquid Chromatography MS experiments.

Protein of Origin Interacting Peptide  ID RA* N D LC
KLHDC2 VSDGRHMFVWGG J 1.704) - o .
TVGNRGFVFGG A 03(0.2) o o .
VGNRGFVFGG h 1.4004) - - .
NRGFVFGG D 04(4) o o .
FVFGG X 0.5(0.1) o o .
SSDHLFLFGG r 1.8(0.5) o - .
FLFGG f 0.6(04) o - .
HTACASDEGEVIVFGG U 020.1 - - .
ACASDEGEVIVFGG K 0304 - o .
CASDEGEVIVFGG H 2.00.5) o - .
ASDEGEVIVFGG F 57(1.1 e e .
SDEGEVIVFGG C 55(0.8) e e .
DEGEVIVFGG y 1.702) e @ .
EGEVIVFGG t 43(05) e o .
GEVIVFGG o 3105 o o .
EVIVFGG m 1.5(0.8) o .
VIVFGG j 5417y - .
IVFGG c 19(1.1) e © .
His-TSF solubility tag AWSHPQFEKGGGSGGGSGG X 0.803) - - .
WSHPQFEKGGGSGGGSGG w 090.7y - - .
SHPQFEKGGGSGGGSGG R 0304 - - .
SSAWSHPQFEKGGGSGGG Y 0.40.2) - - L
AWSHPQFEKGGGSGGG T 0.5(0.1) - - L
WSHPQFEKGGGSGGG 0 0.3¢(0.1) - - L
SHPQFEKGGGSGGG 1 3.7(0.8) - L
HPQFEKGG s 1505 o o .
EKGGGSGGG 1 19.52.6) o e -
GGGSGGG b 452.0) e o -
UPF0441 protein YgiB QRSATGTSSRSMGG N 1.7(03) - - o
Cell division protein FtsZ TNDAVIKVIGVGGGG L 0.6(03) - - (]
VIKVIGVGGGG v 0.8(0.1) o — °
Glutamate dehydrogenase SSAIGPYKGG u 0.8(0.3) o - (]
SAIGPYKGG q 0202 o - °
Outer membrane protein F SDDFFVGRVGG E 0.80.1) - - o
DDFFVGRVGG z 0.80.5) - - L
Malate dehydrogenase MKVAVLGAAGG w 0902 - - (]
KVALGAAGG p 1.7(02) - - L
Superoxide dismutase TAFEGKLEEIIRSSEGG Z 1.0(0.5) - - .
30S ribosomal protein S11 TDRQGNALGWATAGG P 0.2(0.1) - - (]
LGWATAGG n 1.109) o — °
30S ribosomal protein S12 IGGEGHNLQEHSVILIRGG o 0.5(02) - - o
30S ribosomal protein S5 VFMQPASEGTGIIAGGA 14 0.5(0.2) - - (]
MQPASEGTGIAGGA M 0.6(03) - - .
Phage Shock operon AEHWIDVRVPEQYQQEHVQGA J 1.6(1.8) - - (]
rhodanese PspE IDVRVPEQYQQEHVQGA )i 0.8(0.6) - - L
17 kDa surface antigen IQGGDDSNVIGAIGGA (0] 090.2) - - o
Phenylalanine-tRNA ligase o subunit LRELPPEERPAAGA S 0.502) - - °
DNA- binding protein HU-p KSQLIDKIAAGA G 0.503) - - (]
SQLIDKIAAGA B 0.10.1) - - L4
Ambiguous origin (See SI) "LPPGG e 1.2(06) o - (]
LVYGG d 2309 - o °
LPEFGG k 490.7) - - .
PEFGG g 0.0000) o o .
LIIGGG i 3.005 - o .
"LYFGG a 1.209) o - °

“ Relative Abundances are reported at the 95% confidence level.
® Additional sequences with leucine/isoleucine substitutions are also possible.

13
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Integrating Complementary MS-Based Measurements. Although roughly half of the
KLHDC?2 containing ions observed using native MS were complexed with peptides (Figure 1),
the abundance of each individual peptide was inherently lower than that of KLHDC2. This
ultimately limited the number of peptides that could be observed in native MS? experiments
(Figure 2A) and sequenced in native MS? experiments (Table 1). Since it was apparent that many
other peptides were bound to KLHDC2 than were identified using native top-down MS alone,

we developed an integrative MS-based strategy to identify additional bound peptides (Figure 3).

7AN

Cell
Culture Figure 3. Integrative MS for degronomics.
Pull Down Target E3 |, Native MS enabled the direct observation and
ot @ © © @ Ez:r:?;fei mass determination of E3:peptide complexes
\/_/\1 that were purified from cells. Native top-down
LC-MS; MS ded pri . d .
Native Me Destabilizing MS provided primary amino acid sequences for

@) E3:Peptide o, free a subset of the bound peptides. Complementary
Complexes Peptides MS-based approaches, including destabilized-

e e 3 2 e
M ms sample MS? and LC-MS? provided additional

miz Y miz peptide identifications. Together, these methods

Peptide Sequencing provide an integrative strategy to identify and
| |I| || Ol | qua'ntify protein fragments interacting with an
miz miz miz E3 in cells that could be used to study
E3:Deg,;,1;, Pairing E3:degron interactions more broadly.

& Quantitation

Destabilizing samples, by the addition of acetonitrile and formic acid (15% and 0.1% by
volume, respectively) or heating the sample to 55 °C, caused peptides to be released from
KLHDC?2 in solution. MS' of these destabilized samples and MS? of the native-like complexes
yielded similar spectra, but destabilized-sample MS yielded more intense signals for peptide ions
than native MS?. The highest-intensity ions from the destabilized samples were quadrupole

selected for MS? (Figure S4), which confirmed the peptide sequences identified using native top-

14
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down MS (Table 1). However, analysis of the destabilized samples was limited by congested
MS! spectra; some peptide ions could not be isolated completely using the quadrupole mass filter
and others exhibited inadequate intensity for MS2. Ultimately, no additional peptides were
sequenced from the destabilized samples, but analysis of those samples corroborated many of the
results from native top-down MS. LC-MS?, without enzymatic digestion, was used to determine
the sequences for the greatest number of interacting peptides (Table 1, probability scores from
peptide-spectrum matches in Table S1).

Although the destabilized-sample MS and LC-MS? methods offer certain advantages, i.e.,
greater precursor ion intensities and greater number of identified peptides, respectively, those
methods both destroy the KLHDC2:peptide interactions prior to analysis. The native top-down
and destabilized sample MS benefited from the use of direct infusion of the sample into the ion
source. Relative to the LC-MS? experiments, adjusting the extent of activation for individual
peptide ions contributed to higher quality fragmentation spectra and acquiring fragmentation
spectra for more time enabled higher signal-to-noise spectra after averaging. Consequently, the
average of the significance scores from PEAKS DB analysis (—10logioP) for the peptides
identified using all three approaches are 51, 44, and 30 for native MS?, destabilized-sample MS?,
and LC- MS?, respectively. Interesting, two of the most abundant interacting peptides (b and /)
were not identified in the LC-MS? experiments. The absence of b and / in the LC-MS? data may
be attributable to the hydrophobicity of each peptide, which is significantly lower than the
peptides that were identified using LC-MS? (Table S2), and poor retention during solid-phase
extraction and LC. Therefore, the data generated using all three approaches are complementary
and enable the most comprehensive overview of the interacting peptidome of KLHDC2 in E. coli

cells.
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Relative Abundances. The peptides identified through the integrative MS strategy were
used to assign features in the native mass spectrum (Figure 4A) that had been tentatively
assigned to KLHDC2:peptide complexes (Figure 1). Fundamental studies indicate that native-
like ions are formed through the charged-residue model for electrospray ionization, in which the
final ions are the result of desolvation of charged droplets containing the biomolecule. %443
Since the ionization efficiency of KLHDC?2 and its complexes should be largely independent of
peptide binding,*® we hypothesize that the relative abundances of the KLHDC2:peptide complex
ions accurately reflect the relative abundance of those complexes in solution prior to ionization.
In contrast, the ionization efficiency of peptides from electrospray can depend strongly on
peptide length, sequence, hydrophobicity, solubility, and other factors.*’ For example,

t,48

hydrophobic peptides have greater affinity for surface of the electrospray droplet,” which can

result in their preferential ionization*” and suppress the ionization of less hydrophobic peptides.>
Therefore, it is normally extremely difficult to quantify peptides without using internal standards
or peptide labelling, which is challenging to implement in discovery experiments. Label-free
quantitation of the peptides discovered in these experiments was attempted based on their LC-
MS elution profiles. The relative abundances of the peptides from that analysis are reported in
Table S1, but due to the absence of highly abundant peptides such as b and / (Table 1) in the LC-
MS experiments and the predicted differences in the ionization of peptides as described above,

those values are not correlated with the relative abundances determined from the native MS

experiments.
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Figure 4. Identification and quantification of

4 ¢ interacting peptides. (A) Native mass spectrum
of the 12+ KLHDC2:peptide complex ions,
plotted using a false mass axis that is relative to
apo KLHDC?2. Vertical bars are plotted using the
masses of the interacting peptides that had a 1%
or greater relative abundance and are labeled
KLHDC2:peptide complexes R — using the IDs in Table 1. For comparison, this

>00 100(:2elative1|§10aoss /Da 2000 2500 region is plotted with all peptide IDs as a
function of m/z in Figure S5. (B) The total

~ 12
Ap; residual (Equation 1) of the experiment (black
KLHDC2 trace) and the sum of modelled components

(blue trace) was minimized by optimizing the
relative intensity of each component. The
contribution from each KLHDC2:peptide
complex is represented using a different color.
(C) The relative abundances of the interacting

KLHDC2:peptide complexes
(’ peptides determined using this approach for the
D\
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imposes some additional challenges in

351  determining the relative abundance of the bound
peptides. For example, the signals for apo KLHDC?2 (Figure 1) are broad and appear to depend
on the presence of non-specific adducts that persisted through electrospray ionization! as well as
scattering with background gas in the time-of-flight mass analyzer. However, factors that
broaden the MS signals for apo KLHDC?2 are expected to be common to all KLHDC2:peptide
complexes. From this, we hypothesize that the profile for apo KLHDC?2 can be used as template
to simulate the signals originating from each of the KLHDC2:peptide complexes. To test this
hypothesis, the feature for apo KLHDC2 was extracted from the experimental spectrum as
described in the Methods. For each of the n peptides in Table 1, this template was reproduced

and shifted by 7, which is the neutral mass of the interacting peptide divided by the charge state

17



361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

of the complex. Next, the relative intensity (/») for each simulated feature was optimized to

minimize the total residual:

Total Residual = \/Zm/Z(Experiment (%) — 20 I, x Template (? + 17,))2 ()

Note that 7, is a scalar that is relative to that for the original template (/o). Additional details of
this process are described in the Methods and Supporting Information.

Figure 4B shows results from this analysis of the 12+ ions. The sum of the components is
strongly correlated with the experimental spectrum. The derivatives of these traces are shown in
Figure S6, which highlight the fidelity and the limitations of this approach. The differences
between the model and experiment are most likely due to limitations in the template and
unidentified peptides; for instance, the experiment appears to include contributions from
KLHDC2 bound to peptides with masses of approximately 398, 565, and 648 Da that were not
identified and are therefore not included in the model. However, the model reproduces nearly
98% of signal observed for KLHDC2:peptide ions, suggesting that the integrative MS strategy
identified the vast majority of the interacting peptides. The relative abundances of the interacting
peptides determined from the analysis of the 11+, 12+, and 13+ KLHDC2:peptide ions are
shown in Figure 4C. Overall, the relative abundances determined for different charge states and
for technical replicates (Figure S6) are similar to each other, demonstrating the robustness of this
approach. The relative abundances, averaged over all charge states and replicates, are reported in
Table 1. Note that the accuracy of this approach depends on the extent to which the original
native mass spectrum (Figure 1) reports the distribution of interacting peptides in solution;

different extents of peptide dissociation during protein purification or MS may bias these results.
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Figure S. The peptide F (ASDEGEVIVFGG)
was synthesized and added at various
concentrations to the sample of KLHDC2
expressed in E. coli cells. (A-E) The intensity
of the feature for the KLHDC2:F complex
increases with peptide concentration, which is
consistent with the intensities in the native
mass spectra depending on the abundances of
the corresponding complexes in solution. (F)
The relative abundances of apo KLHDC2 and
the KLHDC2:peptide complexes were
determined for the spectra shown in A to E
using the same method used for Figure 4. (G)
The abundance of the KLHDC2:F complex
relative to apo KLHDC?2 and all
KLHDC2:peptide complexes as function of
the concentration of additional
ASDEGEVIVFGG after it was spiked into the
sample.

In order to characterize the relationship between the relative abundances determined

using this quantitation approach and the abundances of the complexes in solution, we performed

a titration experiment by adding the synthesized peptide F (ASDEGEVIVFGG). We added that

peptide to the original sample of KLHDC2 from E. Coli cells and monitored the change in the

resulting native mass spectra, which is shown in Figure SA-E. The original sample was diluted

twofold with the addition of the standard; the concentration of the additional standard is reported

after this dilution step. The intensity of the feature assigned to the KLHDC2:F complex

increased with the concentration of the spiked peptide. Figure SF shows that the increase in the

relative abundance of that complex is concomitant with a decrease in the relative abundance of

the other components of the sample, especially apo KLHDC?2. For comparison, Figure S7 shows
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the relative abundance of the other components, excluding apo KLHDC2 and KLHDC2:F. This
analysis suggests that the concentration of the KLHDC2:F complex in sample was 164 + 44 nM,
prior to the addition of the standard (Figure 5G). These results also illustrate the advantage
interpreting native mass spectra using an experimentally derived template. Even though the
different experiments yield slightly different extents of nonspecific adducts following
electrospray ionization (Figures 5A to S5E), those differences are inherently accounted for using
this approach for quantitation.

We anticipate that this approach for quantitation could be used to quantify the relative
abundance of other molecules that interact with proteins, including those that bind endogenously
and/or lack standards. Additionally, this templating approach could be used to facilitate
measurements of Kd values directly from native MS experiments. Although simulating native
mass spectra in order to quantify the relative abundance of noncovalent complexes has been
reported previously,?>> to the best of our knowledge this is the first report the use of an
integrative mass spectrometry strategy to inform the identities and masses of the contributing
complexes as well the use of an experimentally derived template to represent peak shapes.

The Degronome of KLHDC?2 in E. coli Cells. This degronome includes peptides that
originate from a variety of proteins, including those from E. coli and those introduced using
molecular biology (Table 1). E. coli doesn’t have a UPS or encode KLHDC?2, so the peptides
that originate from E. coli proteins may not directly inform the role of KLHDC2 in humans.
However, these E. coli derived peptides may provide insights into KLHDC2 function in humans.
For instance, peptide N is the extreme C-terminal fragment of UPF0441 protein YgiB, whereas

all other peptides originate from the interior or close to the N-termini of the associated proteins
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(Table S3). This suggests that KLHDC2 may recognize proteins that natively feature diglycine at
their extreme C-terminus, in addition to protein fragments.

Interestingly, many of the peptides originated from KLHDC2. There are six interspersed
diglycines within KLHDC?2 (Figure 6A, one for each of the Kelch repeats of the protein) and
interacting peptides terminating in four of the six diglycines were identified (Figure 6B). To
determine the binding affinity of ASDEGEVIVFGG, which is the most-abundant peptide
originating from KLHDC2, we used a luminescence-based competition assay (AlphaScreen, see
Supporting Information and Figure S8). In this experiment, free ASDEGEVIVFGG peptide
competed for binding to KLHDC?2 against immobilized HLRGSPPPMAGG, which enables a
direct comparison with the other degron peptides that have been characterized.!” Because the
concentration of immobilized components is extremely low relative to that of the free peptide,
the 1Cso values determined here are approximately equal to the corresponding Kq values.*
Strikingly, this internal KLHDC2 peptide binds almost as tightly (ICso = 5.3 nM) as the recently
characterized selenoprotein fragment (HLRGSPPPMAGG, ICso = 3.4 nM).!° An intriguing,
albeit speculative, possibility is that the high affinity between KLHDC2 and its internal

fragments may enable KLHDC?2 to clear its own proteolytic products through the UPS.

454 Figure 6. Recognition of KLHDC?2 protein

>
N

vavsperEMFVWGE 49 g 0| * fragments. (A) The sequences near the six internal
CAVCVDRVLYLFGG 108 § . .
GVWVYKNKLIFFGG 162 in diglycines of KLHDC2 are shown. The colored
ACATVGNRGEVEGG 235 5 . . .
LIEVSSDALFLEGS 286 8 50 regions represent internal peptides that were
wi . . . . . .
2 1€ 5.3nM identified using integrative MS. (B) These internal
< 95% (?I: 4.3-6.2 nM

oS F————— fragments are highlighted on the structure of
Control -4 -2

o l:V"l’g’eP“de]O’ o’ KLHDC2 and correspond by color to the
- GI ACS G sequences in panel A (diglycines represented as
spheres). (C) The peptide ASDEGEVIVFGG
G A\ binds to KLHDC2 with an ICso value of 5.3 nM.
464 (D) LOGO plot** of all peptides in Table 1.
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Although all identified peptides are terminated by diglycine or glycylalanine (Table 1),
the preceding amino acids in those peptides are diverse (Figure 6D). This finding is consistent
with the extremely tight binding of both ASDEGEVIVFGG and HLRGSPPPMAGG, as well as
the previous report that KLHDC2 binds degron peptides through non-covalent interactions
between the peptide backbone carbonyls and the binding pocket of KLHDC?2, rather than
specific interactions with amino acid side chains of the peptide.!® However, if only the presence
of diglycine or glyclalanine were required, the E. coli peptides in this degronome are much less
diverse than might have been considered possible. The E. coli proteome contains ~4300 proteins,
~2700 of which contain a total of nearly 7000 diglycines and ~3000 of which contain ~8000
glycylalanines. The peptides identified here originate from only 12 of those proteins, which
based on comparisons with a meta-analysis of results for E. coli K-12,% have cellular
concentrations that likely span several orders of magnitude (Figure S9). This finding indicates
that KLHDC?2 has particularly high affinity for these degrons or that only a small number of the
candidate proteins undergo proteolytic digestion that exposes these C-terminal motifs. Therefore,
this degronome may be useful for extending the profile of sequences that can be recognized by
KLHDC2, i.e., treat the E. coli proteome as a peptide library that can be recognized by this E3.
For instance, if the last 5 amino acids from each peptide originating from an E. coli protein
represents a functional degron, KLHDC may have hundreds of potential protein substrates across
the human proteome (Table S4). In the future, applying the integrative MS strategy reported here
to study the degronomes of E3s in human cells may enable even more direct insights into the

roles of those E3s in human biology.
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Conclusions

We demonstrated an integrative MS strategy for identifying and quantifying cellular
peptides that interacted with an E3 ubiquitin ligase (Figure 3). Unlike other methods for
identifying E3 substrates, native MS provides direct evidence of E3:peptide binding. Combining
results from native MS (Figure 1), native top-down MS (Figure 2), MS? of destabilized samples,
and liquid chromatography MS? revealed a near complete fraction of the KLHDC2-binding
peptidome from E. coli (Figure 4 and Table 1). These results demonstrate that KLHDC?2 binds to
peptides containing C-terminal diglycine or glycylalanine, and that a wide profile of sequences
preceding the C-terminus are recognized (Figure 6D). Using the native mass spectra and the
comprehensive list of identified peptides, we demonstrated a novel and robust method for
determining the relative abundance of interacting molecules (Figure 4B). The direct and
quantitative data enabled by this integrative MS strategy offers many advantages relative to
existing tools for characterizing E3-substrate pairing. Given the persistent challenges associated
with identifying and validating substrates for the hundreds of E3 ligases in humans, we anticipate
that MS-based degronomics will be leveraged more broadly to determine the individual roles of
other E3s, including those that adhere to the more common N-end rule*? for substrate

recognition.

Supporting Information
Determining the binding affinity of ASDEGEVIVFGG, Discussion of ambiguous peptide
assignments, Figures S1 to S9, Tables S1 to S4, and Appendix: Determining Relative

Abundances.
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