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Figure 2. A) Distribution of the number of clusters obtained for F&iIU 06 2nd adlj\éj+]\proteins
based on the quantitation of corresponding intra-protein cross-links; B) Heatmap showing distinct
patterns in three clusters of the relative abundance of FAR \|U 608\ribosomal protein L13a intra-
protein cross-links in compared samples. Log2ratios are indicated by color ranging from bright green (-1)
to black (0) to bright red (+1) with missing values in white. A residue pair ending in _DE indicates a DE
peptide.

Figure 2B shows distinct patterns of quantitation among compared samples displayed by
intra-protein cross-links of RL13A_HUMAN, 60S ribosomal protein L13a, in its three major
derived clusters. The quantitation patterns among cross-links within a cluster are similar to
one another yet different from those of cross-links of other clusters, reflected by average
calculated similarity of quantitation within and between clusters of 91 and 16, respectively
(see Methods). Each cluster quantitation pattern reflects differing sensitivity of cross-link

levels to two or more protein conformational states with altered relative abundance levelsin
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some compared samples; no pattern can simply reflect levels of a lone conformational
state. A component of the ribosome, this protein is expected to be present in multiple

conformations and associated with multiple interacting partners.

Protein ADT2_HUMAN, ADP/ATP translocase 2, is a transporter known to have at least two
distinct conformations, the c-state conformation open to the intermembrane space and the
m-state conformation open to the mitochondrial matrix®>. A third open channel
conformation has also been proposed for stressed mitochondria®® and gXL-MS data was
used with Alphafold2®*to produce an open model consistent with the proposed open state’.
This protein has three quantitation clusters of cross-links. The first and second include

cross-links found to be compatible with the m- and c-state conformations, respectively, as

discussed below (Figure 3A).
Cluster| Res.Pair Cross-Link Log2ratios in Compared Samples 1050 05 1
A 1 |23_33 |DFLAGGVAAAISKTAVAPIER-VKLLLQVQHASK

23_272 |DFLAGGVAAAISKTAVAPIER-AFFKGAWSNVLR

33_147 |VKLLLQVQHASK-LAADVGKAGAER
33_245 |VKLLLQVQHASK-KGTDIMYTGTLDCWR

33_272 |VKLLLQVQHASK-AFFKGAWSNVLR
43_63  |LLLQVQHASKQITADK-IPKEQGVLSFWR
43_272 |LLLOVQHASKQITADK-AFFKGAWSNVLR
63_163 |IPKEQGVLSFWR-GLGDCLVKIYK

147_272 | LAADVGKAGAER-AFFKGAWSNVLR

163_272| GLGDCLVKIYK-AFFKGAWSNVLR
272_DE |AFFKGAWSNVLR I I [ ] I I J l I I

23_92 |DFLAGGVAAAISKTAVAPIER-YFPTQALNFAFKDK
2392 |DFLAGGVAAAISKTAVAPIER-YFPTQALNFAFKDKYK|
23_94 |DFLAGGVAAAISKTAVAPIER-YFPTQALNFAFKDKYK

23_96 |DFLAGGVAAAISKTAVAPIER-DKYKQIFLGGVDK
23 96 | DFLAGGVAAAISKTAVAPIER-YKQIFLGGVDK

23_96 |DFLAGGVAAAISKTAVAPIER-YKQIFLGGVDKR
23_105 |DFLAGGVAAAISKTAVAPIER-QIFLGGVDKR

23_DE |DFLAGGVAAAISKTAVAPIER
92_DE |YFPTQALNFAFKDKYK

92 96 |YFPTQALNFAFKDK-YKQIFLGGVDKR
92_105 |YFPTQALNFAFKDK-QIFLGGVDKR
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Figure 3. Three intra-protein cross-link quantitation clusters of ADT2_HUMAN. A) Quantitation of intra-
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protein cross-links of clusters in compared samples. Log2ratios are indicated by color ranging from
bright green (-1) to black (0) to bright red (+1) with missing values in white. A residue pair ending in _DE
indicates a DE peptide; B) Consistency of cross-links in clusters 1 and 2 with c-state structure 2C3E
(channel open to the intermembrane space) and m-state structure 6GCI (channel open to the matrix).
Cross-linked lysine residues are colored purple and their spans colored by Jwalk SASD consistency
ranging from blue (consistent with cross-linker length) to black (borderline) to orange (in excess of cross-
linker length). Cross-links in the first cluster are presumed to preferentially originate from the m-state,

and those of the second cluster, from the c-state, conformations of ADT2_HUMAN.

According to SASDs of the cross-links and accessibilities of the DE peptide attached lysine
residues in c-state structure 2C3E and m-state structure 6GCI, four of the 11 cross-links
(including one DE peptide) in the first cluster, spanning residues 23_272, 33_147, 33_245,
and 33_272, are inconsistent with 2C3E but consistent with 6GCIl and are thus m-state
specific (Figure 3B). Cross-links spanning residue pairs 147_272 and 23_33 have been
reported to originate primarily from the m-state despite having Jwalk SASDs consistent with
both state conformations™%. Since a third open channel conformation has been proposed,
some quantitation differences amongthe 11 cross-links may be due to differential likelihood
of originating from that third conformation. Nevertheless, the clustering of quantitation data
supports the notion that all cross-links in the cluster are indeed primarily m-state specific,
including five not previously characterized as such, spanning residues 43_63, 43_272,
63_163, 162_272 and the DE peptide at residue 272. In contrast to the first cluster, all 9 of
the cross-links (including two DE peptides) in the second cluster are inconsistent with
structure 6GCI but consistent with 2C3E and are thus c-state specific. The four cross-links
in a third cluster spanning residues 92_96, 92_105, and 96_105, are consistent with both
structures and may be equally likely to originate from any conformation. Thus, the
abundance of cross-links in the first, second, and third clusters are inferred to reflect levels

of the m-state, c-state, and both state conformations, respectively.

In human cells, ADT exists in multiple isoforms, including ADT3_HUMAN, that have similar
biological functions. ADT2_HUMAN and ADT3_HUMAN have cross-links spanning many of
the same residue pairs, yet which are distinguishable due to sequence differences

elsewhere in the cross-linked peptides, the only exceptions being a cross-link spanning
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residue 33_272 and a DE peptide at residue 92. Interestingly, the intra-protein cross-link
quantitation clusters of ADT3_HUMAN match well with those of ADT2_HUMAN (Figure S2),
demonstrating the ability of clustering to identify preferential protein conformational states
giving rise to cross-links across related proteins. Of the cross-links observed in both
isoforms spanning common residue pairs, the only clustering differences are two DE
peptides that are placed with another DE peptide into a separate cluster of ADT3_HUMAN,
and a lone cross-link spanning residues 92_105 that was included in the first cluster of
ADT3_HUMAN alongside m-state specific cross-links. It is possible that with additional
compared samples and quantified cross-links, that cross-link will be clustered separately as
in the case of ADT2_HUMAN. Importantly, the clustering of ADT2_HUMAN intra-protein
cross-link quantitation was also found to be similar to that of its M. musculus homologue of
99% sequence identity, ADT2_MOUSE, with 13 of their 15 common cross-linked residue
pairs identically grouped (Figure S2). Only the cross-link spanning residues 147_272 and DE
peptide at residue 272 in the first cluster of ADT2_HUMAN were placed in a separate cluster
of ADT2_MOUSE. This demonstrates the ability of clustering to detect similar
conformational state(s) of homologues in their respective H. sapiens and M. musculus

compared samples.

Protein 4F2_HUMAN, amino acid transporter heavy chain, has a single intra-protein
quantitation cluster with 16 cross-links (including 4 DE peptides) spanning diverse protein
lysine residues (Figure 4A). These intra-protein cross-links with similar quantitation among
a large variety of sample comparisons most likely have abundance levels that primarily
reflect protein levels that originate from a single conformational state. One can assess
whether these cross-links are consistent with available PDB structures and AlphaFold
models. Interestingly, all cross-links except that spanning residues 245_615 are consistent
with most structures. The exceptional cross-link 245_615 has Jwalk SASDs in all structures
greater than the maximum for the igPIR crosslinker, even when allowing for multimeric
protein contexts (structure 7DF1 has 4 copies of 4F2_HUMAN). Figure 4B shows the cluster
cross-links in the context of structure 2DH2 of the protein. Since the quantitation of this

cross-link with an inconsistent SASD of 64 A is indistinguishable from the other cluster
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cross-links with consistent SASDs, it is possible that the SASD of this cross-link in the

structures does not adequately reflect the protein conformation in samples.

We applied PONDR®¢ to predict natural disordered regions of the protein based on sequence
and found that residue 615 near the C-terminus is predicted to be highly disordered (Figure
4C). This supports the notion that this cross-link originated from a protein conformation
different from known structures, with its C-terminus flexible and within cross-linkable
distance of residue 245. Because the quantitation of this and other cross-links are similar,
they either originate from a common single conformation with a flexible C-terminus or from
two alternative conformations, the known structure and one with a flexible C-terminus,
provided they are at fixed relative concentrations in all the compared samples. This would
be expected if the C-terminus were within cross-linkable distance of residue 245 a fixed
fraction of the time. This highlights that cross-links of a single cluster may originate from
multiple conformational states provided those states have fixed relative abundance in all
compared samples.

A Res.Pair Cross-Link
217 _245 |ELPAQKWWHTGALYR-IGDLQAFQGHGAGNLAGLKGR
217_255 | ELPAQKWWHTGALYR-LDYLSSLKVK

g o e—
Log2ratios in Compared Samples 1 -050 05 1

217_257 | ELPAQKWWHTGALYR-VKGLVLGPIHK
217_298 | ELPAQKWWHTGALYR-EDFDSLLQSAKK . l . .
217_DE |ELPAQKWWHTGALYR

245_255 |IGDLQAFQGHGAGNLAGLKGR-LDYLSSLKVK
245_298 |IGDLOAFQGHGAGNLAGLKGR-EDFDSLLQSAKK
245_615 |IGDLOAFQGHGAGNLAGLKGR-LKLEPHEGLLLR
245_DE |IGDLQAFQGHGAGNLAGLKGR

255_257 | GRLDYLSSLKVKGLVLGPIHK
255_257 | LDYLSSLKVKGLVLGPIHK

257_298 | VKGLVLGPIHK-EDFDSLLQSAKK
266_269 | GLVLGPIHKNQKDDVAQTDLLQIDPNFGSK
266_287 | GLVLGPIHKNQKDDVAQTDLLQIDPNFGSKEDFDSLLQSAK

266_DE |GLVLGPIHKNQKDDVAQTDLLQIDPNFGSK
615_DE |LKLEPHEGLLLR
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Figure 4. Lone intra-protein cross-link quantitation cluster of 4F2_HUMAN. A) Quantitation of intra-
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protein cross-links in compared samples. Log2ratios are indicated by color ranging from bright green (-1)
to black (0) to bright red (+1) with missing values in white. A residue pair ending in _DE indicates a DE
peptide; B) Cross-links in the context of 4F2 structure 2DH2 colored by Jwalk SASD ranging from
consistent (blue) to borderline (black) to overlength (orange). DE peptide lysine residues are colored on
a similar scale by DSSP accessibility while cross-linked lysine residues are colored purple. The cross-
link spanning residues 245_615 has an SASD of 64 A well in excess of the cross-linker length; C) PONDR
analysis of the sequence of 4F2_HUMAN predicting high disorder at residue 615 that may not be well

represented in known structures.

The M. musculus ACADV1_MOUSE protein, mitochondrial very long-chain specific acyl-CoA
dehydrogenase, has 2 major quantitation clusters among its intra-protein cross-links (Figure
5). Six of the seven cross-links in the second cluster were reported to have decreased
abundance in old versus young mouse muscle??. Spanning the binding pocket of fatty acyl-
CoA ligand substrate, they were proposed to preferentially originate from protein unbound
to substrate and have diminished abundance in old mouse muscle due to increased protein
association with fatty acyl-CoA ligand. Since the additional cluster cross-link spanning
protein residues 277_483 that wasn’t quantified in that study displayed quantitation similar
to the others in all compared samples, it can be inferred that it likely reflects preferential
origin from the same conformational state(s) as the other six, i.e. protein unbound to fatty
acyl-CoA ligand, and would be predicted also to have decreased abundance in old versus
young mouse muscle. The cross-link spanning similar residues, 279 _483 that had
diminished abundance in old mouse muscle displayed very similar quantitation to 277_483
in common sample comparisons, with a linear correlation coefficient of 0.84 (Figure S3).
This demonstrates how cross-links with similar quantitation that are clustered together
comprise an equivalence class that are expected to have similar quantitation in all

additional comparable samples.
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o me—
Cluster| Res.Pair Cross-Link Log2ratios in Compared Samples 1-050 05 1

52_196 |EATQAVLDKPETLSSDASTR-GILLYGTKAQR
65_196 |EKPAR-GILLYGTKAQR

72_196 |AESKSFAVGMFK-GILLYGTKAQR

72_196 |AESKSFAVGM[147.04)FK-GILLYGTKAQR

122_299 | FFEEVNDPAKNDALEKVEDDTLQGLK-SFGGVTHGLPEKK

128_299 | FFEEVNDPAKNDALEKVEDDTLQGLK-SFGGVTHGLPEKK

196_201 | GILLYGTKAQR-EKYLPR

196_240 | GILLYGTKAQR-SSAIPSPCGKYYTLNGSK

1
1
1
1
1 122_299 | FFEEVNDPAKNDALEK-SFGGVTHGLPEKK
1
1
1
1
1

359_373 | SLIAKAVDHATNR-TQFGDKIHNFGVIQEK

65_279 |EKPARAESK-EKITAFVVER I I

277_483 | TPIKDAATGAVKEK-GKELTGLGNALK
277_557 | TPIKDAATGAVKEK-KGIVNEQFLLQR
279_483 | EKITAFWER-GKELTGLGNALK

279_557 | EKITAFWER-HKKGIVNEQFLLQR

279_557 | EKITAFWER-KGIVNEQFLLQR

NI

483_557 | GKELTGLGNALK-KGIVNEQFLLQR

Figure 5. Two intra-protein cross-link quantitation clusters of ACADV_MOUSE. Log2ratios are indicated
by color ranging from bright green (-1) to black (0) to bright red (+1) with missing values in white. Cross-
links in the second cluster are proposed to originate from a ligand substrate unbound conformational
state that is diminished in old versus young mouse muscle and include a cross-link spanning residues
277_483 that was not quantified in that study but presumed based on clustering to have similarly

diminished abundance in old versus young mouse muscle.

All nine cross-links in the first cluster were shown to have unchanged abundance in young
versus old mouse muscle and were proposed to be insensitive to the binding of substrate
ligand fatty acyl-CoA, their quantitation reflecting total protein levels. Thus, the clustering
of intra-protein cross-links for this protein across many different compared samples
identified two sets of cross-links similar to those described in the gXL-MS study of aged
mouse muscle, one with an additional cross-link member. Whereas cross-links in the first
cluster are proposed to originate from protein with or without bound fatty acyl-CoA ligand,
those in the second cluster predominantly originate from the substrate unbound protein.
The conformationalinfluence on these two sets of cross-links applies to a variety of different
sample types. Thus, as with ADT, these results based solely on global quantitation were able
to identify two sets of cross-links with abundance differentially reflecting multiple protein

conformational states.
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Conclusion

Here, we have investigated a new aspect reflecting the value of the growing volume of
quantified cross-link data to reveal concerted changes in cross-link levels to better visualize
protein plasticity in living systems. The quantitation of cross-links across a wide variety of
sample comparisons serves as a signature reflecting encountered protein conformational
states. These can include alternative conformations, PTMs, and interacting protein,
nucleotide, and ligand partners that affect the likelihood of generating some intra-protein
cross-links. Cross-links with similar quantitation can be inferred to have similar relative
likelihoods of originating from all encountered protein conformational states with

differential relative abundance in compared samples.

The clustering of intra-protein cross-links of a particular protein according to their
quantitationin a large number of compared samples enables the grouping of cross-links with
respect to the protein conformational state(s) from which they predominantly originate, and
thus offers insight into the conformational plasticity of that protein. A single cluster may
indicate the presence of only a single protein conformational state, the abundance of which
determines the quantitation of all its intra-protein cross-links. However, the existence of
multiple clusters indicates intra-protein cross-links with different quantitation that must
reflect different relative likelihoods of originating from more than one conformational state
present in the compared samples, including alternative conformations, PTMs, and
interacting partners. The greater the number of observed clusters, the greater the number
of protein conformational states likely present in the samples. We showed that the great
majority of proteins analyzed in this study indeed had more than a single cluster indicating
protein conformational plasticity. These clustering results are maintained as a publicly
available community resource on XLinkDB and increasing numbers of gXL-MS datasets will

advance the number of proteins and the ability to resolve clusters of cross-linked peptides.

We demonstrated that clustering by quantitation grouped cross-links of ADT2_HUMAN
according to their varying preferences for the m- and c-state protein conformations and

grouped cross-links of ACADV1_MOUSE according to their proposed sensitivity to protein
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association with fatty acyl-CoA ligand substrate. We also showed how an intra-protein
cross-link of 4F2_ HUMAN that has a Jwalk SASD inconsistent with all structures, is
nevertheless clustered together with many other intra-protein cross-links that have SASDs
that are consistent with those structures. The observation that all cross-links have similar
quantitation supports their originating from the same protein conformational state(s).
Because the cross-link with an inconsistent SASD is attached to the protein near its C-
terminus in a region of predicted high disorder, it is likely that known structures do not
adequately represent the protein conformation in the samples or that two conformations
coexist in constant relative proportions, one of known structures and one with the C-

terminus within cross-linkable distance.

Cross-links clustered together based on having similar quantitation comprise an
‘equivalence class’ with presumed similar relative likelihoods of originating from the
encountered protein conformational states that comprise the ensemble in the compared
samples. They can thus be considered quantitatively redundant, always expected to have
similar quantitation until new samples are analyzed that have altered abundance of new
conformational states from which the cross-links have different likelihoods of originating.
Interestingly, often multiple cross-links spanning a protein residue pair are identified and
quantified. These include cross-linked peptides with oxidized methionine and missed
tryptic cleavages. In 80% of such cases the cross-links are clustered together with the
majority of other cross-links spanning that residue pair indicating that they often have similar
quantitation across many compared samples and provide a testament to the quality of the

clustering.

Determining the conformational state(s) from which cross-links of a cluster are derived can
be challenging. On XLinkDB, cluster cross-links can be viewed in the context of PDB
structures to assess whether they have consistent SASDs and whether they localize to a
known binding interface. It may also be beneficial to model alternative protein
conformations with software such as AlphaLink® using, in turn, all members of each cluster
for guidance. Finally, the clustering of cross-links by quantitation can be extended to inter-
protein cross-links spanning a protein pair. Inter-protein cross-link clusters would similarly
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reflect the levels of the interacting protein conformational states and further advance

systems-level quantitative structural biology measurements.

SUPPORTING INFORMATION:
The following supporting information is available free of charge at ACS website

e Figure S1 - Cumulative distribution of DE peptide attached lysine residue DSSP
accessibilities in structures.

e Figure S2 - Comparison of intra-protein quantitation clusters of ADT2_HUMAN and those
of isoform ADT3_HUMAN and homologue ADT2_MOUSE.

e Figure S3 — ACADV1_MOUSE quantitation log2ratios of cross-links spanning residues
277_483 and 279_483 withrespectto 27 common compared samples in which they were
confidently quantified.

e Video S1 - Training tutorial on how to view intra-protein quantitation clusters for M.

musculus and H. sapiens proteins on XLinkDB.
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