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Serial capture affinity purification (SCAP) is a powerful method to isolate a specific
protein complex. When combined with cross-linking mass spectrometry and computa-
tional approaches, one can build an integrated structural model of the isolated complex.
Here, we applied SCAP to dissect a subpopulation of WDR76 in complex with SPIN1,
a histone reader that recognizes trimethylated histone H3 lysine4 (H3K4me3). In con-
trast to a previous SCAP analysis of the SPIN1:SPINDOC complex, histones and the
H3K4me3 mark were enriched with the WDR76:SPIN1 complex. Next, interaction
network analysis of copurifying proteins and microscopy analysis revealed a potential role
of the WDR76:SPIN1 complex in the DNA damage response. Since we detected 149
pairs of cross-links between WDR?76, SPIN1, and histones, we then built an integrated
structural model of the complex where SPIN1 recognized the H3K4me3 epigenetic
mark while interacting with WDR76. Finally, we used the powerful Bayesian Integrative
Modeling approach as implemented in the Integrative Modeling Platform to build a
model of WDR76 and SPIN1 bound to the nucleosome.

chromatin | proteomics | integrated structural modeling | cross-linking mass spectrometry

The WD40 repeat containing protein, WDR76 (CMRI or Ydl156w) was first identified
in Saccharomyces cerevisiae as a histone-interacting protein (1). Affinity purification mass
spectrometry (AP-MS) analyses of human WDR76 have identified a large number of
intriguing protein interactions that alluded to distinct functions of WDR76 (2, 3)
(Fig. 1A4). Evidence from other studies also indicates the roles of WDR76 in diverse bio-
logical activities. Studies in different model organisms have discovered that WDR76 was
involved in the DNA damage response (DDR) (1, 2, 4-7), transcriptional regulation
(1, 8-10), and ubiquitination-based activities (11-15). Furthermore, key recent studies
have demonstrated an important role of WDR76 in human disease (16) with specific
studies demonstrating a role for WDR76 in both colon cancer (17, 18) and lung adeno-
carcinoma (19). A major challenge remains to determine the distinct protein complexes
and interactions of WDR76 that control specific functions since it is unlikely that all
legitimate interactions of WDR76 are functionally related in cells. To parse out the precise
role of specific WDR76-containing complexes, we sought to isolate a subpopulation of
these complexes and build an integrated structural model.

An important component of AP-MS identified WDR76 copurified proteins is the core
histone subunits (1, 2) (Fig. 1B), indicating its involvement in chromatin related activities.
Intriguingly, another WDR76 copurified protein, Spindlin-1 (SPINT or ORC) is also a
histone binding protein. SPIN1 contains Tudor domains and has been shown to specifically
bind H3K4me3 containing histone H3 peptide with high affinity (20-23). The interaction
between WDR76 and SPINT1 is potentially significant to human health as SPINT is
reported to promote cancer cell proliferation in multiple types of cancers (24-26).
However, characterizing the complex of WDR76:SPIN1 and other coassociated proteins
could be challenging using conventional AP-MS approaches. Key interactions of WDR76
and SPIN1 reported by others and our group were summarized in Fig. 14. Among the
most abundant WDR76 copurified proteins, the chromobox proteins (CBX1, CBX3,
CBX5) (Fig. 1B) are not likely to be in the same complex with SPINT as they recognize
opposite epigenetic markers (27-29). Likewise, SPINDOC (Cl11o0rf84), the most abun-
dant interacting protein of SPIN1 (Fig. 1B), probably forms a different complex than
SPIN1 forms with WDR76, as SPINDOC was not copurified with WDR76 (2, 3) and
it prevents SPIN1 from binding H3K4me3 (30-32). Moreover, despite histone H3 being
copurified with both WDR76 and SPIN1, there is insufficient evidence showing whether
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Significance

In a regulated process that
involves post-translational
modifications on specific proteins
called histones, different protein
complexes will interact with
histones organized into what is
called the nucleosome. One such
protein named Spindlin 1
interacts with an important
histone posttranslational
modification (PTM). The ability of
Spindlin 1 to bind this specific
histone PTM may be controlled
by the other proteins Spindlin 1
interacts with. Here, we show
that Spindlin1 can bind this
important histone mark when
Spindlin 1 is in complex with
WDR?76. In addition, using protein
mass spectrometry and
computational techniques we
built a structural model of the
Spindlin1 and WDR76 proteins
with the nucleosome that
provides insights into the
function of these proteins.
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Fig. 1. Modified SCAP method to study WDR76 and SPIN1 containing protein complex. (A) Selected potential interacting proteins of WDR76 and SPIN1 identified
by AP-MS. (B) MudPIT analysis of WDR76 copurified and SPIN1 copurified proteins. Top 20 proteins ranked by dNSAF values in Halo-WDR76 (Left) or Halo-SPIN1
(Right) purification are showed. Each dNSAF value plotted is the average from three biological replicates; error bars represent SD. (C) Schema of using SCAP
method to investigate cointeracting proteins of WDR76 and SPIN1. The modified SCAP pipeline started with generating the stable cell line expressing tagged
bait proteins in absent of endogenous version of the second bait protein (WDR76 in this example), and then this cell line was used to provide material for SNAP
purification followed by Halo purification. Samples might be analyzed by quantitative mass spectrometry (SCAP-MS) or be subjected to cross-linking steps

(SCAP-XL). (D) Domain map of WDR76 and SPIN1.

they interact with H3 as a complex or these are independent
interacting partners. To this point, purification methods that effec-
tively enrich a specific subset of interactions are keenly needed to
characterize the assemblies formed by proteins engaged in multiple
complexes, like WDR76 and SPIN1.

We have previously described the Serial Capture Affinity
DPurification (SCAP) approach, in which a combination of two sep-
arately tagged bait proteins, Halo-tagged SPIN1 and SNAP-tagged
SPINDOC, were coexpressed and purified in sequence to reduce
the complexity of purified samples (32). In the same study, we
demonstrated the striking capability of the SCAP system in obtain-
ing highly purified and enriched SPIN1:SPINDOC complexes and
used the extended cross-linking analysis pipeline, SCAP-XL, in
integrative structural modeling (32). The SCAP method can be
used to isolate specific complexes of proteins that function in
multiple distinct assemblies by sequentially affinity purifying two
distinctly affinity-tagged bait proteins.

Here, we show the ability of the SCAP approach to isolate
WDR76:SPIN1:Nucleosome complexes using Halo-WDR76 and
SNAP-SPINT as bait proteins (Fig. 1C). We first coexpressed bait
proteins in cells depleted of endogenous WDR76. Using the mod-
ified SCAP-MS and SCAP-XL pipelines, we separated the
WDR76:SPIN1 complex from other WDR76 complexes con-
taining CBX proteins and the SPIN1:SPINDOC complexes. We
demonstrate the potential for both SPIN1 and WDR76 to respond
to DNA Damage. Multiple distinct cross-links were found
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between WDR76, SPIN1, and histones from the cross-linking
mass spectrometry (XL-MS) analysis of SCAP-purified complexes.
An initial integrative structural model demonstrated that SPIN1
in complex with SPINDOC did not interact with histones and
blocked the ability of SPIN1 to bind H3K4me3 (32). Here, in
contrast, the WDR76:SPIN1 complex interacted with histones
and SPIN1 was able to bind H3K4me3. Finally, given the 149
pairs of cross-links identified between SPIN1, WDR76, and his-
tones, we then performed Bayesian integrative modeling as imple-
mented in the Integrative Modeling Platform (IMP) (33-36) to
build an integrative structural model of WDR76 and SPIN1
docked onto the nucleosome.

Results

Analysis of WDR76 and SPIN1 Single-Bait AP-MS. We first analyzed
interactions of WDR76 and SPIN1 separately using Halo-tag AP-
MS. Our updated WDR76 AP-MS results are mostly consistent
with previous data (2, 3). In this experiment, we identified
395 proteins significantly enriched over control purifications
(Dataset S2A). Among the top 20 proteins ranked by abundance,
we detected histones (H2A, H2B, H3, and H4), CBX proteins
(CBX1, CBX3, and CBX5), and SPIN1 (Fig. 1B). Members of the
chaperonin containing TCP1 complex (CCT or TriC complex) were
the next abundant proteins enriched in the list. We also detected
other previously reported interactions, such as HELLS, SIRTT,
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HDACI, HDAC?2, and proteins involved in DNA damage repair
(XRCC5, XRCC6, PARP1, PRKDC, DDB1, RAD23B) (2, 3).
In agreement with a published data which suggested a role of
WDR76 in targeting proteins for ubiquitination and degradation
(11-15), we recovered several ubiquitination related proteins
including DCAF7, USP7, USP11, USP9X, HUWEL, and UBR5.
Taken together, these data alongside previous reports highlight
the diverse protein interaction networks associated with WDR76.

In our new AP-MS data of SPIN1, we found more copurified
proteins than prior experiments (32). A total of 292 proteins were
significantly enriched (Dataset S2A). SPINDOC was the most
abundant protein other than the bait protein, SPIN1 (Fig. 1B).
WDR76 was also among the most abundant proteins with an
average dNSAF value of 0.017. Other interesting proteins in the
top 20 most abundant proteins included histone H3, lamin-B
receptor that links chromatin to nuclear envelope (37) and several
mRNA processing and export related proteins (ALYREE THRAP3,
BCLAF1, ERH) (Fig. 1B). In addition, proteins involved in his-
tone methyltransferase complexes (KMT2A, KMT2B, RBBPS,
DPY30, ASH2L, PRMT1, FBL, MENI1) and cell cycle related
proteins (MCM proteins and RPA proteins) copurified with
Halo-SPIN1 (Dataset S2A). However, no functional implication
of SPIN1 and WDR76 together became apparent by comparing
their single-bait AP-MS results.

Observing that core histone H3 was identified as a top copu-
rified protein in both WDR76 and SPIN1 purifications (Fig. 1B
and Dataset S2A), we proposed that the unique histone marks
enriched by these two proteins of interest could be key indicators
of their collaborative function. A comprehensive analysis of post-
translational modifications (PTMs) on histones copurified with
WDR76 or SPIN1 by Halo-AP was performed (Dataset S3). By
comparing to the total histones extracted from the corresponding
cell line used as input for purification, several PTMs were found
significantly enriched in SPIN1 or WDR76 (87 Appendix, Fig. S1
and Dataset S3C). Many histone marks typically associated with
transcriptionally active sites, such as methylated H3K4, H3K9ac,
and H3K27ac, were significantly enriched in histones copurified
with SPIN1(S/ Appendix, Fig. S1). Particularly, H3K4me3 was
enriched 128-fold by SPIN1 pulldown. This result is consistent
with previous studies demonstrating that SPIN1 specifically rec-
ognizes H3K4me3 via its Tudor domains (22, 23). Conversely,
although H3K4me3 and H3K9ac were also copurified with
WDR76, their enrichment in the WDR76-associated histones
was not as pronounced as for SPIN1 (around threefold for
H3K4me3 and twofold for H3K9ac) (SI Appendix, Fig. S1).
Considering our AP-MS results, which showed that WDR76 pulls
down proteins known to bind different histone marks (Fig. 1 A
and B), this observation is reasonable assuming that only a sub-
population of WDR76 would enrich for these marks. Thus far,
our proteome and histone PTM analysis on WDR76 and SPIN1
APs together have indicated the potential formation of a complex
by WDR76 and SPIN1 capable of binding H3K4me3. Therefore,
we implemented the SCAP approach to gain more insight into
the function of the specific WDR76:SPIN1 subcomplex.

In Vivo Interaction between WDR76 and SPIN1. The Halo tag
(38) and SNAP tag (39) have been selected as the affinity tags
in SCAD, which allows for convenient differential imaging of
the bait proteins. Before applying SCAP to purify WDR76 and
SPIN1, we took advantage of the imaging feature to validate the
interaction between Halo-WDR76 and SNAP-SPIN1 in live
cells using acceptor photobleaching Forster resonance energy
transfer (apFRET) assay (40) and fluorescence cross-correlation
spectroscopy (FCCS) assay (41). Similar to assessing SPIN1 and
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SPINDOC by Liu et al. (32), Halo-WDR76 and SNAP-SPIN1
were coexpressed, stained with the corresponding fluorescent
ligands, and imaged in live cells (SI Appendix, Fig. S2). In the
apFRET assay (SI Appendix, Fig. S2 A-C), we observed about 2%
of FRET efficiency between Halo-WDR76 and SNAP-SPINT,
which was significantly higher than that measured with SNAP-
Control (SI Appendix, Fig. S2B). In the FCCS assay, we observed
a cross-correlation of Halo-WDR76 and SNAP-SPIN1 but not
Halo-WDR76 and SNAP-Control (S Appendix, Fig. S2D). The
fraction of Halo-WDR76 binding to SNAP-SPIN1 was also
calculated using y amplitudes of self- and cross-correlation curves
(SI Appendix, Fig. S2E). In summary, the positive FRET result
indicated a direct interaction of WDR76 and SPIN1 in vivo and
the FCCS result suggested WDR76 and SPINI codiffuse in a
complex. The FCCS result was particularly intriguing because it
also suggested that the complex formed by WDR76 and SPINT1 is
mobile in the nucleus. As we mentioned above, both WDR76 and
SPIN1 may interact with core histones (Fig. 18 and Dataset S2A).
Moreover, chromatin immunoprecipitation assays have indicated
that both WDR76 (10) and SPIN1 (25) bind to chromatin. Since
chromatin associated species are usually less mobile and difficult to
measure by FCCS, our result indicated that WDR76 and SPIN1
might form a complex independent of their binding to chromatin.
This result also raised the question whether WDR76:SPIN1 in
complex would bind to histones although histone H3 was enriched
in both WDR76 and SPINT1 purifications (Fig. 1B).

SCAP Analysis of WDR76 and SPIN1. In the formerly described
SCAP workflow, we generated cell lines stably expressing both bait
proteins using a dual-expression plasmid from wildtype parental
cells, in which the endogenous bait proteins remain present (32).
Using the stable-expressing cells, proteins from whole cell extracts
were first isolated on SNAP affinity beads and then eluted using
PreScission protease to obtain fraction E1. Then, E1 was purified
in tandem using Halo affinity beads. The unbound supernatant of
the Halo purification was collected as fraction UB2. The proteins
captured by the Halo beads were eluted using the TEV protease as
fraction E2. One major concern of using such cell lines to perform
SCAP is the competition from the endogenous version of the bait
protein for the later purification step. These untagged proteins
might be captured with the SNAP-tagged bait but cannot be
captured during Halo purification; thus, a portion of coassociated
proteins would be lost in the final fraction E2. Though the original
SCAP protocol still functioned for SPIN1 and SPINDOC (32),
removing untagged version of the Halo bait protein from the
system should theoretically enhance the yield of SCAP. For
WDR76 and SPIN1, we first depleted the endogenous WDR76
(the Halo-tagged bait for the second purification in SCAP) from
HEK293 cells bearing a FRT recombination site by deleting both
alleles of the corresponding gene, and then, we built cell line
expressing Halo-WDR76 and SNAP-SPINI in this WDR76
knockout background (Fig. 1C). Using these cells, the WDR76
captured in E1 were completely tagged by Halo and enriched by
serial capture. In addition, we optimized several steps of the SCAP
protocol: We tripled the number of cells to extract proteins at a
higher yield; we subjected 90% of E1 to subsequent purification
to use more material in the final enrichment; we also adjusted
conditions and timing of purification steps. Comparable amount
of E1, UB2, and E2 samples from each SCAP experiment were
analyzed with label-free quantitative proteomics (SCAP-MS),
multidimensional protein identification technology (MudPIT) (42)
(Dataset S2B and SI Appendix, Fig. S3). The modified SCAP-MS
workflow is demonstrated in Fig. 24. For a better comparison of

SCAP-MS and single-bait AP-MS of WDR76, we also generated
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Fig. 2. Analyzing copurified proteins of WDR76 and SPIN1 with a modified SCAP workflow followed by MudPIT. (A) A modified workflow of SCAP followed by
quantitative proteomics analysis (SCAP-MS). For obtaining materials for SCAP, stable transfection of the dual-expression vector is performed on cells deleted
of the endogenous bait protein in the second step of purification (Bait2). SCAP purification is similar to the original workflow (32) with minor optimization. E1,
UB2, and E2 fractions were all separately analyzed by MudPIT and dNSAF values were calculated from spectra counts for all identified proteins. (B) Silver stained
SDS-PAGE of the proteins in the E1, UB2, and E2 fractions of SCAP using Halo-WDR76 and SNAP-SPIN1 as bait proteins. The anticipated band of WDR76 is marked
with * and SPIN1 is marked with ** based on their sizes. Bands of histones are expected to appear in the range below 20 kD. (C) The dNSAF values of WDR76,
SPIN1, GAN, and histones in E1, UB2, and E2 fractions. Each dNSAF value plotted is the average from three biological replicates; error bars represent SD. (D)
Venn diagram showing numbers of proteins enriched in E2 fraction over E1 and enriched by SCAP over single-bait WDR76 purification. There are 27 proteins

shared by both groups of enriched proteins.

a stable cell line that expresses Halo-WDR?76 alone in the same
WDR?76 knockout background to perform AP-MS (Dataset S2C).

The modified SCAP method again showed the striking capa-
bility to reduce sample complexity (Fig. 2B), illustrated by a much
cleaner E2 sample compared to E1. In this SCAP-MS analysis of
WDR76 and SPIN1, we detected in total 699 proteins in at least
one of E1 or E2 fraction and 165 proteins in E2 were significantly
enriched over the blank control purification (Dataset S2 B and F).
The top 20 proteins ranked by dNSAF values in E2 are shown in
SI Appendix, Fig. S3C. Besides the high abundance of both bait
proteins in E2, other proteins, including histones and GAN, were
also among the top 20 identifications, suggesting their strong
association with both WDR76 and SPIN1. Upon comparing the
three fractions, WDR76, GAN, and histones appeared more
abundant in E2 than E1 (Fig. 2C). By comparing E1 and E2
statistically using QSPEC (43), WDR76, GAN, histone H2A,
H2B, and H3 were significantly enriched in E2 over E1 (Dataset 52
B and F). The other bait SPIN1 was not further enriched during
the 2nd purification step (Fig. 2C), which could be explained by
only a fraction of SPIN1 was bound by WDR76 in cells. In addi-
tion to the most abundant detections, we also identified other
cocaptured proteins of WDR76 and SPIN1 in E2, which might
also provide clues for the functions of the complex. Among the
165 proteins enriched in E2 over control, 35 proteins were signif-
icantly enriched in E2 over E1 and 140 over single-bait Halo-
WDR76 copurified samples (Dataset S2 C and F). Binary analysis
of the 35 and 140 proteins found 27 proteins of overlap, which
were enriched in E2 over both E1 and WDR76 purification
(Fig. 2D and Dataset S2F). As expected, the CBX proteins were
no longer significantly enriched by SCAP compared to
Halo-WDR76 purification alone, demonstrating that the SCAP
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method can distinguish a subpopulation of WDR76 molecules
in complex with SPINT.

The major components in E2, including SPIN1, WDR76, all four
canonical histones (H2A, H2B, H3, H4) and GAN, constituted about
60% of the total sample (summed average dNSAF value: 0.598). This
enrichment was similar in the SCAP-MS analysis of SPIN1 and
SPINDOC, in which SPIN1:SPINDOC complex was also about
60% of total proteins in E2 (32). Intriguingly, taken together the
SCAP-MS results of Halo-WDR76/SNAP-SPIN1 and Halo-
SPIN1/SNAP-SPINDOC (32) also suggested that SCAP method
successtully distinguished two SPIN1-containing protein complexes
(Dataset S2D). When comparing to the single-bait Halo-SPIN1 puri-
fication, WDR76 was significantly enriched by SCAP using both
Halo-WDR76 and SNAP-SPINT1 as baits, indicating the successful
purification of WDR76:SPIN1 over other SPIN1 interactions. In
contrast, the SPINDOC protein copurified with SNAP:SPINT1 in E1
was barely captured during the second step of WDR76:SPIN1 SCAP
(ANSAF in E2: 0.005) compared to unbound fraction UB2
(81 Appendix, Fig. S3). In the SPIN1:SPINDOC SCAP-MS analysis,
we published previously (32), WDR76 was not detected in E2 at all
(Dataset S2D). These results suggest that SPIN1 forms distinct protein
complexes with SPINDOC and WDR76.

SPIN1 binds H3K4me3 (20, 22, 23) and various histones were
identified in WDR76 AP-MS analyses (1-3). In agreement with
published results, the single-bait AP-MS data in this study showed
that WDR76 copurified with all four types of core histones while
SPINT mostly copurified histone H3 (Fig. 34 and Dataset S2 A-C).
In the SCAP-MS analysis of WDR76:SPIN1, core histones (H2A,
H2B, H3, and H4) were also among the most abundant proteins
cocaptured with WDR76:SPIN1  (Fig. 2C and Dataset S2B).
In addition, Histone H2A, H2B, and H3 were among the 27
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dNSAF values of core histones in samples obtained from different purifications. All single-bait purifications were Halo purifications. Halo-WDR76 purification
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type of experiment are shown. (C) Comparison of lysine four trimethylated histone H3 copurified with WDR76:SPIN1 or SPIN1:SPINDOC complex by SCAP. The
shared bait protein, SPIN1, was detected by antibodies that recognize both endogenous and tagged versions of SPIN1. SCAP purification was performed from
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validated by two other repeated sets of purifications. (D) Direct interactions between WDR76, SPIN1, and various types of histones revealed by SCAP coupled

with cross-linking mass spectrometry analysis (SCAP-XL). The cross-links were visualized in circle view generated with xiView (44).

proteins more enriched in E2 over both E1 and WDR76 purification
(Dataset S2F). These results suggested that WDR76 and SPIN1,
when forming a complex, were still able to interact with histones.
Since the complex copurified with all four types of histones as
WDR76 but SPIN1 alone captured less histone H2A, H2B, and H4
(Fig. 34), the binding of SPIN1 to WDR76 did not disrupt the
interactions of WDR76 with histones. Furthermore, since other
WDR76 copurified proteins, the CBX proteins (Fig. 1B), recognize
opposite post translational modifications (PTMs) on histone H3
from SPIN1 (27-29), we raised the possibility that WDR76 might
interact with differently modified histones when associated with dif-
ferent histone PTM readers. With the AP-MS and SCAP-MS data
above, we were able to analyze the PTMs on H3K9 (Dataset S2E).
As shown in Fig. 3B, high levels of acetylation on H3K9, which is
also considered a transcriptionally active modification that sometimes
coexist with H3K4me3, were detected in the E2 fraction of
WDR76:SPIN1 SCAR, but not in single-bait WDR76 purifications.
While trimethylation levels on H3K4 could not be measured due to
this short peptide being difficult to identify by LC/MS, we tested the
presence of H3K4me3 in proteins copurified with WDR76:SPIN1
by Western blot analysis (Fig. 3C). We assessed H3K4me3 levels in
both SPIN1:SPINDOC and WDR76:SPIN1. As shown in Fig. 3C,
H3K4me3 was clearly copurified with WDR76/SPINT but was
absent for SPIN1:SPINDOC. This observation is consistent with
our previous conclusion that the binding of SPINDOC to SPIN1
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could interrupt the binding of SPIN1 to H3K4me3 (32). Taken
together, the WDR76:SPIN1 complex prefers to bind histone H3
bearing specific PTMs, and this selectively is likely mediated by
SPIN1.

The WDR76:SPIN1 Complex Directly Interacts with Histones. To
identify direct interactions and to gain structural insights into the
WDR76:SPIN1 complex, we next implemented SCAP-XL, where
we first performed the modified SCAP for Halo-WDR76 and
SNAP-SPINT1 followed by cross-linking reaction on samples using
a MS-cleavable cross-linker, DSSO (disuccinimidyl sulfoxide)
(SI Appendix, Fig. S4A). Then, we analyzed cross-linked E2 fraction
by cross-linking mass spectrometry (XL-MS) and visualized the
data using xiVIEW (44) (Dataset S4A). Detected cross-links to
WDR?76, SPIN1, and histones are shown in circular view (Fig. 3D).
WDR76 and SPIN1 were cross-linked to each other, which
confirmed their direct interaction as we also proved by an apFRET
assay (SI Appendix, Fig. S2B). Histone H2B, H3, and H4 from the
list of top identifications in SCAP-MS were also cross-linked to one
or both baits, suggesting that WDR76 and SPIN1 directly interact
with these histones. Histone H2B and H3 were found to cross-link
to WDR76 and SPIN1 with multiple cross-links, while H4 was
only cross-linked to WDR76 with one cross-link. Histone H2A,
despite its high abundance in cocaptured proteins of WDR76 and
SPINT1 (Fig. 2C), was not found directly cross-linked to either bait.
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Fig. 4. Potential function of WDR76:SPIN1 complex in DDR. (4) Identification of proteins involved in NHEJ. Each dNSAF value plotted is the average from three
biological replicates; error bars represent SD. (B) Examples of time course imaging. In each experiment, a SNAP-tagged protein was coexpressed with Halo-
WDR?76. Halo-tagged proteins were labeled with HaloTag TMRDirect ligands and SNAP-tagged proteins were labeled with SNAP-Cell 505-Star ligands. Cells were
also stained with HOECHST 33258. Further, 405 nm UV laser damage was introduced at timepoint 0 in a stripe-shaped confined area. (C) Recruitment of Halo- or
SNAP-tagged proteins to laser induced damages. Recruitment level is presented by relative intensity at the stripe, calculated from the intensity of each timepoint
normalized to the intensity before microirradiation. For Halo-WDR76, the sample coexpressed with SNAP-Control is plotted. Each data point is an average from
all measured cells; error bars stand for SEM. (D) The maximum recruitment of each protein within 2 min after microirradiation. Each maximum recruitment

value is an average from all measured cells; error bars stand for SEM.

However, cross-links were detected between histones, thus H2A
likely interacted with the WDR76:SPIN1 complex indirectly as
part of the nucleosome. Histone H3 was cross-linked to WDR76
and SPIN1 with its N-terminal region, in contrast, H2B was cross-
linked to the baits through its C terminal region. Cross-linking
sites distributed mostly near the SPIN1 N-terminal region, while
no cross-linking site fell in the second Tudor domain, where the
pocket to bind H3K4me3 is located (22, 23). In contrast to the
SCAP-XL result, the XL-MS analysis of Halo-WDR76 single bait
purification did not identify cross-linked peptides from SPIN1
(SI Appendix, Fig. S4C and Dataset S4D). Histone H2B, H3, and
H4 were cross-linked to WDR76, however, only H3 was detected
with more than one cross-link (87 Appendix, Fig. S4C).

Next, we performed structural modeling for tridimensional visual-
ization of cross-links. Although several crystal structures of SPIN1
have been published (21-23), the N-terminal region, where some
critical cross-linked lysine residues reside, was not covered by these
structures. Since the structures of both full-length WDR76 and SPIN1
are not available, we performed ab initio prediction of their structures
with I-Tasser (45, 46) from amino acid sequences. I-Tasser provided
five models for each protein. Intra-crosslinks were mapped to the

60of 12 https://doi.org/10.1073/pnas.2318601121

predicted models (87 Appendix, Fig. S5 Aand B) and distances between
crosslinked residues were measured (Dataset S5A). For WDR76, we
obtained two properly folded models, model3 and model5, and 5 out
of 6 detected intra-cross-links could be satisfied in both models
(ST Appendix, Fig. S4A). For SPIN1, models were more similar to each
other (87 Appendix, Fig. S5B). Model2 matched all intra-SPIN1
cross-links (Dataset S5A) and therefore was selected as our best model
for docking with WDR76. This model can also be largely aligned to
aknown SPINT structure in PDB: 4mzf (23) (S Appendix, Fig. S5C).
After filtering inter-cross-links between WDR76 and SPIN1 with
DisVis (47, 48) (Dataset S5B), we chose WDR76 model3 to dock
with SPINT model2. The docking was performed with HADDOCK
2.4 webserver (49, 50) using the three inter-cross-links between
WDR76 and SPINT1 as restraints (Dataset S5C). The best four models
from the top cluster with the lowest HADDOCK score are shown in
ensembled representation (S/ Appendix, Fig. S6A). Cross-links were
mapped to these models and the distance restraints were all satisfied
by four models (Dataset S5D). The model with the lowest energy was
used as an example for visualization (SI Appendix, Fig. S6 B and C).
From SI Appendix, Fig. S6B, we noticed that the interface between
WDR76 and SPIN1 in this model did not overlap with the Tudor
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Fig. 5. Model of SCAP-MS and SCAP-XL results using Halo-WDR76 and SNAP-
SPIN1 as bait proteins. (A) From the quantitative analysis of SCAP samples,
GAN and core histones were identified as strong interactions of WDR76:SPIN1
complex based on their abundance in E2 fraction. Low abundant interactors,
including XRCC5, XRCC6, DNA-PKcs, and PARP1, indicated the potential roles of
both WDR76 and SPIN1 in DNA damage response. DSSO cross-linking of SCAP-
purified proteins followed by mass spectrometry analysis further supported
the direct physical interaction between WDR76 and SPIN1. Cross-links between
WDR76:SPIN1 and histones also suggested direct protein-protein interactions.
(B) Visualization of direct cross-links to WDR76 or SPIN1. WDR76:SPIN1
complex is displayed by a predicted structural model in surface view, in which
WDR76 is colored in plum color and SPIN1 is colored in orange. The H3K4me3
binding pocket of SPIN1 is colored in green. All cross-linked lysine residues
were labeled and marked in red. Cross-links between WDR76 and SPIN1 are
shown as red lines. Cross-links between histones and WDR76 are shown as
blue lines, while those between histones and SPIN1 are shown as green lines.

domains of SPINT1. Then, we aligned the WDR76:SPIN1 model to
aknown SPINT structure containing a methylated histone H3 peptide
(PDB: 4mzf) (23) in SI Appendix, Fig. S6C to check whether WDR76
would interfere with the binding of SPIN1 to H3. The histone
H3K4me3R8me2a binding pocket of SPINT1 indicated by Su et al.
(23) was not occluded by WDR76 in the complex model (87 Appendiix,
Fig. S7A). In contrast, this binding pocket was occluded in the
SPIN1:SPINDOC complex model (SI Appendix, Fig. S7B).

Function of WDR76:SPIN1 in the DNA Damage Response.
Besides histones, SCAP-MS analysis of WDR76 and SPIN1
identified other less abundant cocaptured proteins enriched in
E2. Noticeably, both XRCC5 and XRCC6 were among the 27
proteins more enriched in E2 over both E1 and WDR76 single-
bait purification (Dataset S2E). XRCC5 and XRCC6 form as

PNAS 2024 Vol.121 No.33 2318601121

a heterodimer (Ku complex) that binds double-strand DNA.
A well-known function of the XRCC5/XRCC6 dimer is that it is
recruited to DNA double-strand breaks in the Non-Homologous
DNA End Joining (NHE]) pathway (51). Other proteins involved
in the NHE] pathway, DNA-PKcs (PRKDC), and PARP1, were
also identified by SCAP-MS (Fig. 44). This result strongly implied
a potential function of the WDR76:SPIN1 complex in NHE].
WDR76 has been reported to be involved in DDR and factors
in NHE] repair pathway were identified by WDR76 AP-MS (2—
7). SPIN1, however, has never been linked to DDR in existing
data, besides its interaction with WDR76. Our data showed that
XRCC5/XRCC6 were coassociated proteins of both WDR76 and
SPIN1, suggesting a potential role of SPIN1 in DDR as well.

To test whether SPINT also responds to DNA damage in live
cells, we performed an imaging-based recruitment assay (2). In this
assay, Halo- or SNAP-tagged proteins were expressed in HEK293
cells and labeled with the corresponding fluorescent ligands. Cells
were also treated with Hoechst33258 as sensitizer. Then, we per-
formed microirradiation treatment, in which we induced DNA
damage in a defined area on each cell using a 405 nm laser. After
microirradiation, the treated cell was recorded for up to 2 min
(Fig. 4B). Using this assay, we have previously reported the recruit-
ment of WDR76 and XRCC5 to the irradiated region (2).
Consistent with these previous findings, we now observed that
WDR76 and XRCCS5 were recruited to the damaged region within
30 s (Fig. 4C). Similarly, SNAP-tagged SPIN1 was also rapidly
enriched in the laser damaged region (Fig. 4 C and D). Although
the detailed mechanisms remained unclear, this result supports the
hypothesis that both WDR76 and SPINT1 are involved in DDR.
Intriguingly, the recruitment of SPIN1 was neatly concurrent with
WDR76 but obviously slower than XRCCS5 (Fig. 4C). To compare
the kinetics of recruitments, we performed nonlinear fitting for the
average R values of each protein and estimated the rate of recruit-
ment using the time taken to reach half of MaxRT (ty;rrs2)
(SI Appendix, Fig. S8 and Dataset S6E). The measurements showed
that there was only 0.7 s of difference between the ty g/, of
WDR76 and SPINT, versus XRCC5 was about 4 s quicker than
WDR76 to reach the half of its MaxRT. This result suggested that
SPIN1 and WDR76 might be recruited to DNA damage site as a
complex through interaction with the Ku complex. This is also
consistent with our FCCS result, which suggested that WDR76
and SPIN1 in complex were mobile in the nucleus.

Modeling the Structure of the WDR76:SPIN1:Nucleosome Complex.
From the AP-MS and XL-MS analyses on SCAP-purified WDR76
and SPIN1 complexes (Fig. 5), a large number of cross-links were
found between SPIN1, WDR?76, and histones that mapped to
multiple locations on each protein and were consistent with an
accessible H3K4me3 binding pocket on SPIN1 (Fig. 5B). We
therefore sought to generate a larger model of the structure of the
WDR76:SPIN1:Nucleosome complex. To do so, we performed
integrative structural modeling using cross-links identified from the
current study, along with atomic structures from the Protein Data
Bank (PDB) (52) and Alphafold (53) (S/ Appendix, Table S1 and
Fig. 3D). Integrative modeling was performed with the Python
Modeling interface of the IMP (https://integrativemodeling.org)
(34, 35, 54). The modeling followed previously established protocols
(33, 55). Integrative modeling of the WDR76:SPIN1:Nucleosome
complex resulted in a single cluster of models (92% of 29550 models)
with a model precision of 24 A where model precision is defined as
the average RMSD between the cluster centroid and models in the
cluster (Fig. 6 A and Band ST Appendix, Fig. S9). The models satisfied
all the cross-links to SPIN1 and WDR76.
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In the overall architecture, SPINT and WDR76 are adjacent to
each other on the same side of the nucleosome (Fig. 6 A and B). In
the structures of SPINT and WDR76 in the complex, the SPIN1
Tudorl domain (TD1) forms the core of SPIN1 and is surrounded
by SPIN1 TD2 and TD3. SPIN1 TD2 is exposed, while other
domains of SPINT1 are buried in this complex (Fig. 6 B and C).

https://doi.org/10.1073/pnas.2318601121

Next, WDR76 consists of a compact arrangement of the WD40
repeat domains (WD) in the canonical B-propeller structure. The
N terminus of WDR76 (WDR76-N) extends from its central WD1
domain, flanking one side of the p-propeller, and looping back to
the WD4 and WD5 domains (Fig. 64). WDR76-N and WD are
exposed, while other domains of WDR76 are buried (Fig. 6B).
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SPIN1 and WDR76 interact where the N terminus of SPIN1
(SPIN1-N) and SPIN1 TD1 are proximal to WDR76-N and
WDR76 WD3-WD5, while SPIN1TD3 interacts with WDR76-N
alone. The SPIN1-WDR76 interaction appears to be mostly medi-
ated by their N-termini (Fig. 6 Band E and SI Appendix, Fig. S10).

SPIN1 and WDR76 both interact with the nucleosome. SPIN1-N
and SPIN1 TD1 both interact with the N-terminal tail of histone
H3 (H3-N), and the cores of H3 and H4 (Fig. 6 B and C and
SI Appendix, Fig. $10). SPIN1-N additionally interacts with the core
of H2A (Fig. 6B and SI Appendix, Fig. $10). Finally, SPIN1 TD3
interacts with H3-N alone (Fig. 6C and SI Appendix, Fig. S10).
Moreover, the similarity of the SPIN1-H3 binding site in our model
to that in PDB 4H75 (22) validates our integrative model since this
information was not used as input. Next, the N terminus of WDR76
(WDR76-N), WDR76 WD3, and WD4 interact with H3-N and
the core of H2A (Fig. 6 B and D and S/ Appendix, Fig. S10).
Additionally, WDR76-N interacts with H3 core and WD4 with
H2B core (Fig. 6 B and D and SI Appendix, Fig. S10). This is con-
sistent with previous AP-MS studies that show that WDR76 interacts
with histones primarily through its N terminus (3). There are both
low- and high-precision regions in this model. Based on precision
analysis of our integrative models, the residues 245 to 251 in
WDR76-N, SPIN1TD1, and TD3, and the WDR76 WD domains
are of high precision, SPIN1-N has a medium precision, and most
of WDR76-N and the histone tails are of low precision (Fig. 6 B-D
and SI Appendix, Fig. S11).

Discussion

WDR76 was first identified in yeast through AP-MS analysis of
core histones (1). Its amino acid sequence contains seven WD40
domain repeats and is conserved in higher eukaryotes (3).
Comprehensive AP-MS studies of human WDR76 identified many
legitimate interactions (2, 3), yet its function remains enigmatic.
One reason is that WDR76 might conduct various activities with
different binding partners (Fig. 14). This multiplicity is difficult to
resolve by conventional AP-MS approaches but is a good test case
to demonstrate the power of SCAP technology. Among the WDR76
copurified proteins, we chose SPIN1 as the other bait protein to
perform SCAP. SPIN1 binds H3K4me3 with its second Tudor
domain (22, 23); thus, its interaction with WDR76 inferred their
collaborative function in chromatin related activities. Core histones
appeared as major coassociated proteins of the WDR76:SPIN1
complex enriched by SCAP (Fig. 2C). In addition, SCAP success-
fully enriched 35 cocaptured proteins of both WDR76 and SPIN1
in the final elution after the second affinity step (E2 fraction) when
compared to the first elution (E1 fraction).

SCAP-XL of WDR76 and SPINT1 provided evidence for direct
protein—protein interactions (Fig. 3D). No cross-linking site was
observed in the second Tudor domain of SPINT in this analysis
(Fig. 3D), indicating that the interaction of SPIN1 with WDR76
might not prevent it from binding to H3K4me3. This is consistent
with the conclusion from PTM analysis of histone H3 by SCAP
coupled with mass spectrometry or Western blot (Fig. 3 B and C)
that the WDR76:SPIN1 complex might selectively bind certain
epigenetic markers where SPIN1 likely plays a primary role in this
selectivity. As additional evidence, the H3K4me3 binding pocket
of SPINT has no overlap with the interface with WDR76 in the
model (Fig. 5B). Moreover, WDR76 was cross-linked to H3K4 and
H3K9, which are likely to be modified in SPIN1-bound histone
H3. This interesting observation suggests the possibility for WDR76
and SPIN1 in the complex bind two different copies of histone H3.
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Another SPIN1-containing complex, SPIN1:SPINDOC, was
previously analyzed using SCAP technology (32). The SCAP-MS
results suggested that the complex SPIN1 formed with WDR76 is
a different complex from the one formed with SPINDOC
(Dataset S2D). In contrast to the WDR76:SPIN1 complex, SPIN1
lost binding of histone H3 in the SPIN1:SPINDOC complex
(Fig. 3C). This is also supported by structural modeling results: In
the SPIN1:SPINDOC complex, SPINDOC blocks the H3K4me3
binding pocket of SPIN1, whereas the pocket is left open in the
WDR76:SPIN1 model (S Appendix, Fig. S7). It is worth noting
that in this study, we showed evidence of WDR76:SPIN1 being
recruited to laser-induced DNA damage sites as a complex (Fig. 4).
Intriguingly, work by Yang et al. (56) reported the recruitment of
SPINDOC to DNA damage and its interaction with DDR protein,
PARP1. PARPI was also captured by SCAP for WDR76:SPIN1
(Fig. 44). The recruitment of WDR76, SPIN1, and SPINDOC
to DNA damages and their interactions with classic DDR proteins
implies a potential model in which SPIN1 switches between com-
plexes at the damaged site in coordination with other DDR pro-
teins. Such a mechanism needs to be further investigated in future
studies as well as whether the binding or releasing of histone marks
by SPIN1 complexes is related to DDR.

Finally, given the cross-links found between WDR76, SPIN1,
and histones, we were able to build an integrative structural
model of WDR76:SPINT and docked to the nucleosome. There
were several functional insights provided by this integrative
structure. First, we observed that SPIN1 and WDR76 both
interact simultaneously with the same H3 molecule. In most
models in the ensemble, both SPIN1 and WDR76 interacted
with only one H3 molecule (S Appendix, Fig. S12 A and B).
In our structure, SPIN1-N appeared to occupy the space
between WDR76 (upper half) and the SPIN1 TD domains
(lower half) next to the nucleosome (Fig. 6). In fact, SPINT is
closer to the nucleosome than WDR76 (87 Appendix, Fig. S12C).
Taken together, we propose the potential mechanism where
SPINT recognizes target sites on a nucleosome through its Tudor
domains and then, SPIN1-N recruits WDR76 to the nucle-
osome through WDR76-N.

The ability to isolate specific complexes from larger protein inter-
action networks is a key feature of the SCAP technology. From such
an approach, one can then elucidate specific molecular features and
functions of specific complexes. Here, we demonstrated that the
WDR76:SPIN1 complex had distinct features and functions com-
pared to the SPIN1:SPINDOC complex. A major distinction
between these complexes was the ability of WDR76:SPIN1 to
interact with histones and recognize the H3K4me3 modification,
whereas SPIN1:SPINDOC does not. By then coupling the SCAP
approach with XL-MS in the study of both complexes, we built
integrated structural models demonstrating that while in the
SPIN1:SPINDOC complex the H3K4me3 binding pocket of
SPINT1 is buried, it is accessible in the WDR76:SPINT complex.
XL-MS analyses confirmed the direct interaction between WDR76
and SPINI1, in addition to several cross-links between histones
H2B, H3 and H4 with SPIN1 or WDR76 (Fig. 5B). Then, using
the state-of-the-art IMP platform (33-35, 54, 55), we built an
integrated structural model of WDR76:SPIN1 and the nucleosome
(Fig. 6). This demonstrates that as long as any two proteins can
have either the HaloTag or SNAP-tag integrated into their N- or
C- termini coupling the SCAP technology with XL.-MS and IMP,
one can elucidate molecular and functional insights into specific
protein complexes culminating with an integrative structural model
of the complex.
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Materials and Methods

Critical Reagents, Plasmids, and Cell Lines. The same critical reagents that are
commercially available were provided in ref. 32. Sequences of WDR76, SPINT, and
XRCC5 open reading frame (ORF) were obtained from Kazusa Genome Technology
(Kisarazu, Chiba, Japan). Vectors used for expressing Halo- or SNAP-tagged pro-
teins, including the dual expression vector, were also described before in ref. 32.
The WDR76 knockout cell line was derived from Flp-In™-293 Cell Line purchased
from Invitrogen (Carlshad, CA). The knockout was achieved using RNA-guided
CRISPR-Cas9 system (57). Additional details in S/ Appendix.

single-Bait AP and SCAP. All purifications were performed using stable expres-
sion cell lines, except that blank control purifications were performed on cells with-
out expression of tagged proteins. Halo purifications were performed according
to the manual of HaloTag® Mammalian Pull-Down Systems (Promega, Madison,
WI) except for cells were lysed with high salt buffer (20 mM Hepes at pH 7.9, 560
mM NaCl, 10 mMKCl, 1.5 mM MgCl2, 1%Triton® X-100, 1 mM Dithiothreitol, Salt
Active Nucleases, and Protease Inhibitor Cocktail) at a 1:3 ratio by volume (final
420 mM NaCl). SCAP enrichment was performed as previously described using
293FRT cells stably expressing a pair of baits expressing either the SNAP or the
Halo tag (32). For each type of purification, three replicates were performed. For
comparing the pulldown of H3K4me3 by WDR76:SPINT and SPIN1:SPINDOC,
SCAP was performed as previously described (32) with minor adjustments using
Flp-In™-293 cells stably expressing Halo-WDR76/SNAP-SPIN1 or Halo-SPIN1/
SNAP-SPINDOC. For purifications where acetylation was probed, sodium butyrate
(1 mM)was added to all buffers to inhibit HDACs. Additional details are provided
in SI Appendix.

Cross-Linking Analysis of Halo-WDR76 AP-XL and Halo-WDR76/SNAP-
SPIN1 SCAP-XL. The cells used for Halo-WDR76 AP-XL were deleted of endog-
enous WDR76. For each purification, a cell pellet of approximately 0.5 mL was
subjected to Halo purification. The Halo purification method was described in
the specific method section above. Samples from four replicates were analyzed
by mass spectrometry. The SCAP-XL of Halo-WDR76 and SNAP-SPINT were per-
formed in two different scales, either with a cell pellet of ~1.5 mLor ~3 mL.The
optimized SCAP protocol described in the previous method section was used in
the SCAP-XL of Halo-WDR76/SNAP-SPIN1. For each scale, three replicates were
performed. Atotal of six samples were analyzed by mass spectrometry. For cross-
linking reactions, eluted copurified proteins from different purifications were
cross-linked with 5 mM DSSO (disuccinimidyl sulfoxide) purchased from Thermo
Fisher Scientific (Waltham, MA) at room temperature for 1 h. The cross-linking
reaction was quenched by 50 mM Tris-HCI.

Mass Spectrometry Data Acquisition. For each sample, 5% of the amount
processed for mass spectrometry analysis was loaded for sodium dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and silver staining analysis first.
Both not cross-linked and cross-linked samples were processed using the same
procedures described previously (58). Each sample was first TCA precipitated and
then resuspended with 8M Urea buffer (in 100 mM Tris-HCI, pH 8.5). The resus-
pended proteins were reduced with 5 mM tris(2-carboxyethyl)phosphine (TCEP)
and treated with 10 mM 2-Chloroacetamide (CAM). Then, proteins were digested
with Lys-C for at least 6 h followed by dilution to 2M urea and overnight trypsin
digestion. Last, the digested samples were quenched with 5% formic acid. MudPIT
has been described before (59) with additional details provided in S/ Appendix.
The LC-MS method for analyzing cross-linked samples has also been described
before (32) with additional details provided in SI Appendix.

Cross-Linking Data Analysis. For the data analysis of DSSO cross-linked pep-
tides, Proteome Discoverer 2.4 (Thermo Scientific, San Jose, CA) with add on
XLinkX node was used in peptide identification and cross-linked peptide search-
ing. The following settings were used: precursor ion mass tolerance, 10 ppm;
fragment ion mass tolerance, 0.6 Da; fixed modification, Cys carbamidomethyl-
ation; variable modification, Met oxidation, Lys DSSO Amidated, and Lys DSSO
hydrolyzed; maximum equal dynamic modification, 3. Proteins FDR was set at
0.07. Acetylation was selected as a dynamic modification. The raw files and search
engine files for cross-linking datasets are available at MassIVE (Dataset STA). The
cross-linking results were visualized in 2D by a web-based software xiView (44)
(https://xiview.org/xiNET_website/index.php). Tables uploaded to xiView can be
found in Dataset S4.

https://doi.org/10.1073/pnas.2318601121

Live Cell Imaging. As described previously, all cells used forimaging were plated
into Mat-Tek dishes with No 1.5 coverslip bottoms. Imaging samples were kept
in phenol red-free DMEM Medium with GlutaMAX and 10% FBS. While imaging,
live cells are kept under 37 °C, 5% C02, and humidified condition. For WDR76
and SPINTimaging experiments, pcDNASFRT-SNAP-SPINT or pcDNASFRT-SNAP
were transfected to Halo-WDR76 stable expression cell line (with endogenous
WDR?76). For negative control experiments, pcDNASFRT-SNAP was cotransfected
with pcDNASFRT-Halo to the original Flp-In™-293 Cell Line (Invitrogen); and for
positive control experiments, pcDNASFRT-Halo-NLS-SNAP was transfected. For
the microirradiation assay, SNAP-tagged proteins were transiently expressed in
Halo-WDR?76 stable expression cell line (with endogenous WDR76). Cells were
imaged 24 h after transfection. Halo tags were stained with HaloTag® Ligands
TMRDirect (Promega), and SNAP tags were stained with SNAP-Cell® 505-Star
(NEB). HaloTag® Ligands TMRDirect were added to medium to a final concentra-
tion of 50 nM and incubated overnight. SNAP-Cell® 505-Star ligands were added
to medium atthe same day of imaging, then cells were incubated with the ligands
and washed. apFRETand FCCS were performed as described previously (32). For
the microirradiation assay, HOECHST 33258 was also added together with SNAP
ligands at a final concentration of 5 pg/mL. After staining, cells were allowed to
stabilize in fresh medium for 30 min in the incubator before imaging. Additional
details are provided in S/ Appendix.

Structure Prediction and Integrative Complex Modeling. All 3D structures
were visualized and manipulated by UCSF Chimera (60) to generate figures.
Distances between the a-carbons of cross-linked lysine residues (Co-Car) were
also measured in Chimera. For structure predictions, the full-length models of
WDR76 (Uniprot: Q9H967) and SPINT (Uniprot: Q9Y657) were generated by
|-Tasser (45, 46, 61) Online Server (https://zhanglab.ccmb.med.umich.edu/I--
TASSER/) based on protein sequences. We next measured the distances between
each pair of cross-linked lysine residues in every model (Dataset S5A). We allowed
the maximum Ca-Cax distance of 35 Abetween DSSO-cross-linked lysine residues
to be considered satisfied. For WDR76 models, we found that both model3 and
model5 were reasonably folded and satisfied 5 out of 6 intra-WDR76 cross-links
(S Appendix, Fig. S5A). For SPINT, models are similar (S/ Appendix, Fig. S5B);
thus, we picked model2 as our best model for later analysis as it satisfied all
seven intra-SPINT cross-links.

We next performed interaction space analysis using the quick scanning mode
of DisVis (47, 48) (https://wenmr.science.uu.nl/disvis/). Either WDR76 model3 or
model5 were used as the fixed chain and SPINT model2 was used as the scanning
chain. The three cross-links detected between WDR76 and SPINT by SCAP-XL
were used as restraints. For the analysis using WDR76 model3, no restraint was
reported as false positive by DISVIS. For WDR76 model5, one restraint out of the
3had aZ-score over 1and suggested to be false positive by DISVIS (Dataset S5B).
We therefore picked WDR76 model3 for the WDR76:SPINT complex modeling
analysis. Molecular docking was performed using HADDOCK 2.4 webserver
(49,50) (https://wenmr.science.uu.nl/haddock2.4/). The docking was performed
following HADDOCK tutorials and the protocol described by de Vries et al. (49)
with additional details provided in S Appendix.

Integrative Structural Modeling of the WDR76:SPIN1:Nucleosome
Complex. The integrative structural modeling of the WDR76:SPINT:Nucleosome
complex was performed using the Integrative Modeling Platform (IMP 2.16.0)
and its Python Modeling Interface (PMI) (34, 35, 54). The modeling pipeline in
the currentstudy is based on previously described protocols (33, 55, 62). The input
data, scripts, and resulting integrative models of the Wdr76:Spin1:nucleosome
complex are available at https://github.com/isblab/wdr76_spin1_nucleosome.
The modeling proceeded in four stages.

The first stage involved gathering the necessary data. A 1:1:1 WDR76:
SPINT:nucleosome complex was modeled. The input data included 78 DSSO
cross-links from SCAP-E2 tagged WDR76-SPIN1 and 13 cross-links from HALO-
tagged WDR76 constructs from the current study, X-ray structures of SPIN1*>%?
(PDB 4H75) and the nucleosome (PDB 5GT0), and Alphafold structure of
WDR762>276.288-626 (A\F_19H967-F1, considering residues with reliable predic-
tion, i.e., pLDDT greater than 70) (S/ Appendix, Table S1) (22, 53, 63).

The second state involved representing the system and translating data into
spatial restraints. Each protein was represented by a series of contiguous spher-
ical beads along the backbone, each bead denoting a fixed number of residues.
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Protein domains with known atomic structure (X-ray or Alphafold) were repre-
sented at 1 and 10 residues per bead and modeled as rigid bodies, whereas
domains without known atomic structure (such as the WDR76-N) were modeled
as flexible strings of beads at 20 (10) residues per bead for WDR76:SPIN1 (his-
tones) (S/ Appendix, Table S1). The Bayesian cross-linking restraint was used to
restrain the relative distances of cross-linked residues. Excluded volume and
connectivity restraints were included to enforce the correct stereochemistry (33).

The third stage involved structural sampling to produce an ensemble of struc-
tures that satisfies the restraints. The rigid bodies consisted of the WD domains
of WDR76 and TD domains of SPIN1, whereas their unstructured termini and
the histone tails comprised the flexible beads. The position of the nucleosome
core was fixed throughout sampling. The Monte Carlo moves included random
translations of individual beads in the flexible segments and random rotations
and translations of rigid bodies and super rigid bodies. A model was saved every
10 Gibbs sampling steps, each consisting of a cycle of Monte Carlo steps that
moved every bead and rigid body once. Starting with random initial configura-
tions for the rigid bodies and flexible beads, 60 million models were sampled
using Replica Exchange Gibbs Sampling Markov Chain Monte Carlo algorithm,
under the cross-linking, excluded volume, and connectivity restraints.

The fourth stage involved analyzing and validating the ensemble of structures.
Firsta sampling exhaustiveness, clustering, and precision analysis was conducted.
The sampled models were filtered based on the restraint scores, followed by
assessment of sampling exhaustiveness, structural clustering, estimation of
model precision, and visualizing the variability in the ensemble of structures
using localization probability density maps (S/ Appendix, Fig. S8) (33, 55, 62). The
localization probability density map fora protein domain specifies the probability
of a voxel being occupied by a bead belonging to the domain in a set of super-
posed models. Regions of high- and low-precision were computed using PriSM
and visualized on the cluster center bead model (S/ Appendix, Fig. S11) (64). All
models and densities were visualized with UCSF Chimera and ChimeraX (65).

Next, a fit to input data was carried out. The fit to cross-links was computed
by obtaining the percentage of satisfied cross-links in the major cluster; a DSSO
cross-link is satisfied if the corresponding Co-Ca distance in any model in the
clusteris less than 35 A. The cluster generally satisfied the excluded volume and
sequence connectivity restraints. This was followed by a fit to data not used in
modeling. The integrative structure was validated by two pieces of information
that were not used to compute the model. First, the SPIN1-H3 binding site in
the structure is similar to that in the crystal structure of SPIN1-H3 complex (PDB
4H75) (22). Second, WDR76 interacts with histones through its N-termini, as
seen in AP-MS studies (3). Next protein-protein distance maps were created to
visualize interacting regions by computing the average distance between bead
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surfaces across all the models in the major cluster (S/ Appendix, Fig. S7). The
final analysis step determined which molecules of H3 interact with SPIN1 and
WDR76 and which of SPIN1 and WDR76 is closer to H3.To accomplish this, the
distance between the center of mass of the closest SPIN1 (or WDR76) domain
and the center of mass of each H3 molecule was computed and visualized for
each model in the major cluster (S/ Appendix, Fig. S12).

Data, Materials, and Software Availability. The availability of mass spec-
trometry datasets in public repositories is provided in Dataset S1. Additional Data
for the analysis and processing of all mass spectrometry data are provided in
Datasets 52-54. The data regarding the fluorescent imaging experiments are
provided in Dataset S6. Original data underlying this manuscript generated at the
Stowers Institute may be accessed after publication from the Stowers Original Data
Repository at http://www.stowers.org/research/publications/libpb-1626 (66).
Inputs for integrative modeling via IMP Modeling Platform inputs are provided
in S/ Appendix, Table S1.The set of input data, scripts, and resulting integrative
models of the WDR76:SPINT:nucleosome complex are publicly available at
https://github.com/isblab/wdr76_spin1_nucleosome (67). The structures will
also be available in the PDB-Dev repository (https://pdb-dev.wwpdb.org) under
the ID PDBDEV_00000382 (68). Mass spectrometry data have been deposited
in MASSIVE (MSV000086846 (69), MSV000086802 (70), MSV000086849 (71),
MSV000086749 (72), MSV000086828 (73), and MSV000094548 (74)). All other
data are included in the manuscript and/or supporting information.
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