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Materials and Methods

Protein production

The C-terminal low complexity domain of CAPRINI (607-709) was expressed and purified as
described in our previous studies (1, 2). Briefly, CAPRIN1 with an N-terminal His-SUMO tag
was expressed in BL21 (DE3) E. coli cells. For preparing °C, '*N, 'H samples, the auto-

induction medium, ZYM-5052, described previously (3), was used and IPTG induction was not



necessary. °C, "N, 'H and °C, "N, 'H samples were prepared by growing cell cultures in M9
minimal medium (6 g of Na,HPOy, 3 g of KH,POy4, 0.5 g of NaCl, 2 mM of MgSO,, 100 uM of
CaCl,, 3 g of [U"C]-glucose, 50 ug/mL of kanamycin, 10 mg of each of biotin and thiamine in 1
L of buffer, pH 7.4) with 1 g of either "NH4Cl1 (‘’N-labeled protein) or natural abundance NH,CI.
12C, N, *H samples were prepared using the same M9 minimal medium but with 3 g of [d7]-
glucose, and 1 g of "NH4Cl added to 1 L of 99% D,0 (Cambridge Isotope Laboratories). For
isotope-labeled protein expression, cell cultures were induced with 0.5 mM IPTG at 25°C for 12-
18 hours. After harvesting, the cell pellets were lysed by sonicating the cell suspension in lysis
buffer (6 M guanidine hydrochloride (GuHCI), 25 mM Tris, 500 mM NaCl, 20 mM imidazole, 2
mM B-mercaptoethanol, pH 8.0) and centrifuged (23,000 g, 30 min, at 4°C). Subsequently, the
supernatant was loaded onto a Ni-NTA column (GE Healthcare) pre-equilibrated with lysis
buffer. The Ni-NTA column was washed with 10 column volumes of lysis buffer, followed by 3
column volumes of wash buffer (25 mM Tris, 500 mM NaCl, 20 mM imidazole, 2 mM [-
mercaptoethanol, pH 8.0). The His-SUMO-CAPRINI bound to Ni-NTA resin was eluted with
elution buffer (25 mM Tris, 500 mM NaCl, 300 mM imidazole, 2 mM B-mercaptoethanol, pH
8.0). After dialysis with His-ULP1 protease against cleavage buffer (25 mM Tris, 150 mM NacCl,
2 mM B-mercaptoethanol, pH 8.0), the solution was applied to Ni-NTA to separate CAPRIN1
from His-SUMO and His-ULP1 protease. CAPRIN1 was further purified by FPLC equipped
with a Superdex 75 16/60 column equilibrated with gel filtration buffer (3 M GuHCI, 25 mM
Tris, 500 mM NaCl, 2 mM B-mercaptoethanol, pH 8.0). Finally, the pure CAPRIN1 fraction was
verified with SDS-PAGE and collected. CAPRIN1 mutant plasmids (GYRs24-626), GYR(638-640),
RDY 660-662), QSG6s0-682), NTQ704-706) to ASA) were prepared by using the QuikChange

mutagenesis strategy. For quantifying protein concentrations, predicted molar extinction



coefficients of 10,430 M'em™ (Wildtype, QSGgs80-682), NTQ(704-706) mutants) and 8,940 M'em™
(GYR624-626), GYR(638-640), RDY (660-662) mutants) were used. The mutant CAPRIN1 constructs
were expressed and purified using the same procedures described above.

For fluorescence imaging of CAPRINI, a mutant CAPRINI construct with an extra
cysteine at the C-terminus was used to prepare Alexa647-labelled CAPRINI using maleimide
conjugation chemistry. The purified CAPRIN1-Cys mutant dissolved in pre-reaction buffer (3 M
GuHCl, 25 mM HEPES, 2 mM DTT at pH 7.0) was buffer-exchanged into maleimide
conjugation buffer (3 M GuHCl, 25 mM HEPES at pH 7.0) using an FPLC setup equipped with
a 5 mL HiTrap desalting column. Subsequently, Alexa647-maleimide (ThermoFisher Scientific)
dissolved in DMF was added to the desalted protein fraction, generating a concentration of
Alexa647-maleimide that is 5-10 times in excess of CAPRIN1-Cys. The conjugation reaction
was carried at 4°C for 12-18 hours and quenched by adding 5 mM DTT. Alexa647-CAPRINI
was purified chromatographically from unreacted Alexa647 fluorophores with a 5 mL HiTrap
desalting column followed by a Superdex 75 16/60 column. Fluorescein (FITC)-labelled
CAPRIN1 was prepared with FITC-5-maleimide (ThermoFisher Scientific) using the same

protocol.

Turbidity assays

Purified CAPRINI samples were diluted to a protein concentration of 300 uM with 25 mM MES,
pH 5.5 containing varying concentrations of NaCl ranging from 0 to 2000 mM. After rigorous
mixing, 5 UL samples were loaded into a pCuvette G1.0 (Eppendorf). OD600 measurements

were recorded three times using a BioPhotometer D30 (Eppendorf).



Fluorescence imaging

CAPRINT1 samples used for fluorescence imaging contained 5-10% of Alexa647/FITC-labelled
CAPRIN1. CAPRINI and ATP-Mg were prepared in imaging buffer (25 mM HEPES, 2 mM
DTT, pH 7.4). CAPRIN1 droplets were generated by adding ATP-Mg pre-mixed with 2% TNP-
ATP (ThermoFisher Scientific) to CAPRINT1 solutions. After rigorous mixing, protein solutions
with varying concentrations of ATP-Mg were placed onto 96 well glass-bottom plates
(Eppendorf). To allow droplets to sediment to the bottom of the plate, there was a 5 min waiting
period prior to imaging. All images were taken using a Leica DMi8 confocal microscope
equipped with a Hamamatsu C9100-13 EM-CCD camera. Fluorescence images of Alexa647 and
TNP-ATP/FITC were acquired using lasers at 637 nm (50 mW) and 491 nm (50 mW)
wavelengths, respectively. All images were analyzed with Volocity (PerkinElmer) and Imagel

(NTH).

Construction of phase diagrams

Purified CAPRIN1 was prepared in mixed-state NMR buffer (25 mM MES at pH 5.5). To induce
phase separation, a NaCl stock solution (25 mM MES, 2 M NaCl at pH 5.5) was added to
purified CAPRINT1 in Eppendorf tubes to make a range of final NaCl concentrations (i.e. 200,
300, 400, 600 mM, Fig. 34). Three protein samples were prepared to obtain triplicate
measurements. After rigorous vortexing, the phase-separated samples were incubated at the
desired temperatures using a thermocycler with a heated lid (95°C). At least 1 hour was required
to allow droplets to form a large condensed phase at the bottom of the tubes. For temperatures

below 15°C, the waiting period was extended to 2 hours. Once a large condensed phase was

formed, a positive displacement pipettor and tips (Eppendorf) were used to pipette 2 and 10 puL



of condensed and dilute phases, respectively. Notably, using a positive displacement pipettor and
tips was important for accurate pipetting of the viscous condensed phase. After diluting the
condensed- (500 times) and dilute- (10-40 times) phase samples into a denaturing buffer (6 M
GuHCl, 25 mM NaPOy, at pH 7.4), the A280 value was measured using a BioPhotometer D30
(Eppendorf). Protein concentrations were determined using a predicted molar extinction
coefficient of 10,430 M'cm™. Errors were generated by taking standard deviations of the
triplicate measurements. The phase diagram was fitted to simple Flory-Huggins theory, as

described in our previous study (4).

Preparation of GIcNAc-CAPRINI1

The pET24b vector containing the open reading frame for full-length, H. sapiens O-GlcNAc
transferase (OGT; nucleocytoplasmic variant, 110 kDa) was a kind gift from Dr. Suzanne
Walker. OGT was expressed and purified from E. coli BL21 (DE3) RIPL cells (Agilent) as
previously described (5). For the glycosylation reaction, purified CAPRINI was dialyzed into
OGT reaction buffer (25 mM Tris, 50 mM NaCl, 0.5 mM EDTA, 2 mM DTT, pH 7.5). The final
reaction mixture contained 10 uM CAPRINI, 1 uM OGT, 1 mM uridine 5'-diphospho-N-
acetylglucosamine (UDP-GIcNAc; Millipore-Sigma) in OGT reaction buffer. Following a 24 h
incubation period at room temperature, the reaction was quenched by the addition of 2 M GuHCI
and then concentrated in an Amicon centrifugal concentration unit equipped with a 3 kDa
molecular-weight-cutoff membrane. The concentrated sample was injected onto a Superdex 75
16/60 column equilibrated with gel filtration buffer (50 mM Tris, 500 mM NaCl, 3 M GuHCI,
and 2 mM B-mercaptoethanol, pH 7.4) to separate the O-GlcNAcylated CAPRINI from the

enzyme and other reaction components. Fractions containing O-GlcNAcylated CAPRIN1 were



pooled and concentrated for storage. O-GIcNAcylation of CAPRIN-1 was validated by liquid

chromatography coupled to electrospray mass spectrometry.

Production of NMR samples

(1) NMR samples measuring CAPRIN1 ATP interactions

In order to probe binding of ATP to CAPRIN1, several 400 uM U-"N, "*C-labeled CAPRIN1
samples were prepared, dissolved in 25 mM HEPES, pH 7.4, 98% H,0/2% D-0. These included
a pair of samples to which 1.6 mM ATP-Mg + 1% Mn*" (i.e., 16 uM Mn”") or 1.6 mM ATP-Mg
was added (Fig. 1C, black). A second pair of samples was prepared consisting of either just
CAPRINTI, or CAPRIN1 to which 5.6 uM Mn*" was added, which serves as a control to evaluate
spurious Mn>" binding in the absence of ATP (Fig. 1C, green). The amount of Mn*" added
corresponds to the concentration of free Mn”" (i.e., not bound to ATP) in the 1.6 mM ATP-Mg +
16 uM Mn*" sample based on Kp, values for Mg®* and Mn*" binding to ATP of 10.3 and 67.1 uM,
respectively, measured via ITC. Similar samples were generated for the experiments of Fig. 6D,
except that 70 mM ATP-Mg was used. It is worth noting that in all experiments involving ATP,
pH = 7.4 samples were used (as opposed to lower pH samples when amide proton-based
experiments were recorded) to ensure the physiological ATP charge state (-4). Although highly
sensitive fluorescence imaging experiments (Fig. 1A,B) showed that phase separation occurs
under the conditions used to record NMR spectra in Figure 1C and Figure 2 (measurement of
inter-molecular NOEs in mixed-state samples, see immediately below), the concentration of
added ATP was such that sample turbidity could not be observed by the naked eye, indicating
that the bulk of the protein is not phase separated, so that high quality NMR datasets can be

recorded on mixed-state protein samples at the CAPRIN1/ATP ratios used. Notably, when the



sample becomes highly phase separated it is obvious, with extensive turbidity; in our studies

visual differences could not be observed between mixed-state samples with or without ATP.

(2) NMR samples for measurement of NOEs
Inter-molecular NOEs (with and without 0.8 mM ATP, Fig. 2B-F) were recorded on mixed-state
samples comprising 0.5 mM concentrations each of "*C,'H- and '’C,'H-labeled CAPRINI,
dissolved in buffer composed of 15 mM Tris (D11, 98%), pH 7.4, with 100% DO as solvent.
The approach used to make the CAPRIN1 condensed-phase samples follows the protocol
described in detail previously (2). NMR samples used for measurement of NOEs comprised a 1:2
ratio of mixtures of '*C, N, *H:"*C, '*N, 'H labeled CAPRIN1 (inter-molecular, Fig. 3B, D, and
E, and Fig. 44 and B) or a 1:5 molar ratio of Be, PN, 'H:'*C, '*N, 'H labeled CAPRIN1 (intra-
molecular, Fig. 54 and B), 400 mM NaCl, 25 mM MES, pH 5.5, 90%H,0,10%D,0 (condensed
phase NMR buffer). In the inter-molecular class of experiment optimal signal-to-noise is
achieved using samples with equal concentrations of the two differentially labeled polypeptides
(see above), but the sensitivity decreases slowly with changes in relative amounts of the two
components, while the cost of producing per-deuterated protein increases linearly with protein
concentration so that a 1:2 ratio was used as a compromise. As a control, a phase-separated
sample was also constructed to establish that the observed NOEs in the 1:2 2¢, PN, H:Bc, "N,
'"H mixture were of the inter-molecular variety (i.e., that there were no/few spurious H°-H" intra-
molecular NOEs from the C, "N, 'H component; SI Appendix, Fig. S6). This sample was
composed of 1:2 2¢, "N, H:"C, "N, 'H labeled CAPRINI. Based on the phase diagrams of
Figure 3A, the CAPRINI concentration in the condensed phase is 248 mg/mL, 40°C,

corresponding to 22.4 mM in protein. 3 mm NMR tubes were used to minimize the required



volumes and hence the amount of protein. Intra-chain NOE experiments (Fig. 54) were also
recorded on a mixed-state CAPRIN1 sample, 2 mM in protein, mixed-state NMR buffer, 4°C
(200 ms mixing time).

>N spin relaxation experiments (Fig. 5, C and D) were recorded on the condensed phase
using the 1:2 2¢, PN, *H:"C, "N, 'H labeled CAPRIN1 sample or on U-""N-,"*C-labeled
mixed-state samples with concentrations varying from 2 mM to 100 uM, mixed-state NMR

buffer, with 2% D,0, as described below.

NMR spectroscopy

Binding of ATP-Mn to CAPRINI (Fig. 1C, and 6D) was measured from peak volume changes in
3D haCONHA spectra, correlating 'H%, *CO chemical shifts of residue j with the backbone
amide "°N shift of residue j+1 (2). Datasets were collected using non-uniform sampling (NUS) as
described previously (2) and processed using SMILE (6) that is part of the nmrPipe package (7).
Acquisition times of 65 ms (?CO) and 55 ms ("’N) were employed, with 10% of the indirect
(CO,""N) data points recorded, 12 scans/FID, and a relaxation delay (d1) of 1s, for a net
acquisition time of 13 h/3D. The use of H*-based experiments is particularly important as the
sample pH is 7.4, resulting in poor quality H"-observe spectra. Similarly, O-GlcNAcylation of
CAPRIN1 was monitored by recording a series of 3D haCONHA spectra spaced 6.5 h apart to
establish the time-course of the reaction. Chemical shift perturbations based on spectra recorded
before addition of enzyme and 33 hours after the start of the reaction were used to establish
which serine residues were glycosylated (Fig. 64).

Inter-molecular NOEs in mixed-state 0.5 mM "“C,'H- and 0.5 mM '°C,'H-labeled

CAPRINI samples (Fig. 2B-F; +ATP-Mg) were recorded at 600 MHz, 25°C, with the



edited/filtered pulse scheme of Zwahlen ef al. (8), with the exception that the filtering/editing
steps were reversed as described by Kumar et al. (9). Briefly, a double purge element is applied
at the end of the pulse scheme, of purge durations 4.4 ms and 4.0 ms, using 60 kHz swept
(upfield to downfield and centered at 0 ppm) °C adiabatic pulses of durations 2.359 and 1.536
ms, respectively (amplitude of 5 kHz). In addition, a third purge element (applied immediately
after the first pair) of duration 4 ms was employed. Each of the 3D datasets was recorded with
acquisition times of 40 ms, 5.6 ms and 80 ms in indirect 'H, indirect C, and direct 'H
dimensions using NUS where 25% of the indirect data was sampled. A 250 ms mixing time was
used along with d1 = 1.5 s, for a total acquisition of time of approximately 3 days/experiment.

A series of five different 2D NOE-based "N-"H" HSQC experiments were recorded to
measure inter- and intra-chain contacts in the condensed phase using pulse schemes outlined in
ST Appendix, Fig. S4. Datasets were recorded using gradient selected TROSY schemes (10) with
an °N indirect dimension acquisition time of 45 ms, dl = 1.5 s, and 48 scans/FID for an
acquisition time of approximately 4.5 hours per experiment. Complete sets of experiments were
obtained with mixing times of 100 and 200 ms, except for the control experiments (to ensure that
intra-molecular NOEs were not observed in inter-molecular NOE spectra) where datasets with a
200 ms mixing time only were recorded. 3D datasets were obtained for measuring methyl-"H™
NOEs, recorded with acquisition times of 8 ms and 45 ms in C and "N dimensions,
respectively, 4 scans/FID and d1=1.5 ms, for a net acquisition time of ~1.5 days/spectrum. For
these experiments (both inter- and intra-molecular NOEs) gradient, sensitivity enhanced HSQC
(11) readouts were used. All NOE data were recorded on a Bruker AVANCE NEO 23.4 T (1

GHz) spectrometer, equipped with an x,y,z gradient TCI cryoprobe, 40°C.



Intra-molecular NOEs were also recorded on a mixed-state CAPRIN1 sample (2 mM,
4°C, 600 MHz) using identical pulse schemes as for the condensed phase, with the exception that
the readout was a sensitivity enhanced HSQC (i.e., non-TROSY). NOE experiments were
recorded on a Bruker AVANCE III 14.0 T (600 MHz) spectrometer, equipped with an x,y,z
gradient TCI cryoprobe, using a mixing time of 200 ms.

"N R, and R,, relaxation rates were recorded on a condensed-phase sample of CAPRIN1
comprising a 1:2 ratio of *C, "N, *H:"°C, "N, 'H labeled molecules (40°C), as well as on U-
N,PC 2 mM, 250 uM, and 100 uM samples of WT mixed-state CAPRIN1 or 100 uM samples
of mutants of mixed-state CAPRIN1 (4°C, to maximize intra-chain contacts). Standard TROSY -
based (condensed phase) (12) or gradient enhanced sensitivity based (mixed state) HSQC
experiments (13) were used, recorded on either Bruker AVANCE III HD 14.0 T or AVANCE
NEO 23.4 T spectrometers. A series of 7 time points extending from 5 ms — 125 ms (mixed state)

or 5 ms — 100 ms (condensed phase) was collected for measurement of R, , while 6 time points

1p>
(10 ms — 700 ms) were obtained for measurement of R; relaxation rates. Transverse relaxation
rates, R,, were calculated from the relation (14)

R, = (R1,— Ricos’0) / sin’0 [1]
where 0 = arctan(v/AQ), v, is the spin-lock field strength (2 kHz), and AQ is the offset (Hz) of
the spin in question from the carrier (14). 'H-">’N NOE experiments were recorded as described
previously (15) using a pair of experiments recorded with (i) a pre-scan delay of 8 s followed by
presaturation for 6 s or (ii) 14 s of presaturation, achieved using the method of Ferrage et a/ (16).

All NMR data were processed using the NMRPipe processing package and analyzed

using routines in NMRPipe (7) and in NMRFAM-Sparky (17). Peak intensities were quantified
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in 3D datasets by using the nlinLS fitting routine in NMRPipe; intensities in 2D data were

obtained by using the Peakipy software package (https://github.com/j-brady/peakipy).

CAPRINI1 chemical shift assignment

Backbone chemical shifts of CAPRINI in the mixed state were assigned using standard triple
resonance experiments (18), and subsequently transferred to spectra of the condensed CAPRINI
phase. This was readily accomplished as peaks shifted by only small amounts. In order to verify
the transferred assignments, a 3D HNCO dataset was recorded of condensed-phase CAPRINI.
Figure S2 shows a 2D "N-'"HY TROSY HSQC of the condensed phase of CAPRIN1, 40°C, 1
GHz, with assignments as indicated.

Supplementary Information Text

Rationale behind NMR approach

NMR studies of intrinsically disordered proteins (IDPs) and intrinsically disordered regions
(IDRs) of otherwise folded proteins are challenged by poor spectral resolution, especially in
applications focusing on sidechain interactions (4, 19). A case in point is provided by “C-
edited/filtered experiments (8) that quantify inter-molecular NOEs (Fig. 2). Although residue-
specific interactions can be established, site-specific contacts in IDRs and IDPs are more difficult
to discern because aliphatic/aromatic °C and 'H resonance frequencies associated with a given
position in an amino acid are localized to very narrow regions of chemical shift space (20). In
principle, sidechain information can be forthcoming in disordered systems so long as
magnetization can be transferred to backbone "N or *CO spins that are better resolved than
other heteronuclei (21, 22). This is often possible in studies of mixed-state solutions of IDPs or

IDRs (i.e., not condensed phases of phase-separated samples) since their intrinsic backbone and
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sidechain dynamics leads to increased relaxation times that can be leveraged to enable efficient
transfer of magnetization between spins in a scalar-coupled spin system, even when the
couplings are small (23, 24). Elegant CON experiments have emerged whereby both >CO and
N frequencies are recorded to generate well-resolved correlation maps of intrinsically
disordered systems (25). Although such experiments are predicated on lengthy magnetization
transfer steps connecting “CO and "N spins and, often, additional transfers to sequential
residues (26-29), sensitivity is usually not an issue and the spectral resolution afforded is
excellent. Applications involving protein molecules in the condensed phase of phase-separated
systems face more challenges because the high viscosity of the samples and contributions from
chemical exchange lead to a significant increase in transverse relaxation rates, and, thus,
concomitant decreases in magnetization transfer efficiencies (4). Thus, although it is easy to
envision NOE experiments in which inter-molecular contacts ‘become resolved’ by recording
backbone "N and "*CO chemical shifts, in practice such experiments are of poor quality because
magnetization transfer steps are lossy. Our strategy is therefore one of compromise. Because
inter-molecular NOEs in condensed-phase samples of IDPs/IDRs are weak, since interactions are,
in general, transient, it is necessary to minimize magnetization transfers so as to optimize
sensitivity. We have, therefore, focused on the measurement of inter-molecular NOEs connecting
aromatic protons or certain aliphatic protons with backbone amide protons, exploiting the fact
that "°N chemical shifts are dispersed even in IDPs (30), so that well-resolved ‘read-outs’ of the
NOE can be obtained. We are interested in key residues, such as Phe/Tyr/Arg that have been
identified to be important for LLPS in this work (Fig. 2) and in previous studies of CAPRIN1 (1,
2) and other proteins (4, 31-34), as well as backbone o-protons. Therefore, sensitive 2D

experiments have been developed to excite proton spins in a residue-specific
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(Aromatic/Arg/Gly/Ser) manner, or specifically the o-protons of all non-Gly residues;
magnetization from such spins is then transferred to backbone amides via the NOE and
quantified by recording "N-"HY TROSY (or non-TROSY) based HSQC pulse schemes. By
using a 1:2 ratio of 12C, ISN, ’H: 13C, 14N, 'H labeled molecules, high sensitivity 2D inter-
molecular NOE data sets can be recorded in 2 hours on our samples (although typically we
recorded 4-5 hour experiments) so that a suite of five experiments can be obtained in a day of
instrument time. In principle, it is possible to measure a 4D dataset that provides similar
information. In practice, the 40% reduction in sensitivity with each increasing dimension, along
with relaxation losses associated with the additional acquisition times, is not inconsiderable. As a
limited number of spin-types are examined (corresponding to five experiments), we prefer the
2D approach. Figure S4 shows pulse sequence diagrams for the NOE experiments that have been
designed. Selective inversion of the aromatic/aliphatic proton spins of interest is accomplished
through the use of INEPT magnetization transfer elements to create 'H-'">C longitudinal order
from initial 'H polarization that is subsequently manipulated, and then refocused back to
longitudinal "H magnetization prior to an NOE mixing period. Finally, magnetization is recorded
using an °N-"HY HSQC readout so that NOEs can be quantified. Manipulation of magnetization
to achieve selection occurs (i) during evolution in the INEPT periods and/or (ii) by the
application of selective pulses (often both 'H and "°C) during intervals where 'H-""C longitudinal
order is present, so as to minimize relaxation losses. Optimal selection efficiencies vary from >
95% (aromatics) to 83%-90% for the remaining experiments (although in the Ser datasets
recorded in the present work, selection was less efficient, 65%, due to a less than optimal width
of the adiabatic decoupling elements during the first INEPT; see SI Appendix, Fig. S4). In all of

the profiles presented (Fig. 4, 5, and SI Appendix, Fig. S9) NOE intensities have not been
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normalized to take into account differences in efficiencies by which protons were selected. In
order to optimize selection of the magnetization of interest, we have also developed simple "*C-
"H HSQC experiments whereby the sequences of SI Appendix, Fig. S4 are modified by removing
the mixing period and subsequent 'H-">’N HSQC block and changing the phase of the 'H 90°
pulse immediately preceding the mixing period from y to x. The resulting *C-edited 1D 'H
spectrum (or 2D "C-"H correlation map) can be used to evaluate selectivity and sensitivity, with
the frequency position of the selective pulses optimized to achieve excitation of the desired spins,
while minimizing sensitivity losses. SI Appendix, Fig. S3 shows 2D C-'"H HSQC spectra,

illustrating that excellent selectivity is, in general, achieved for the five experiments of interest.

Studying condensed protein phases at 1 GHz vs lower fields

There are a number of important advantages associated with using ultra-high magnetic fields (in
our case 1 GHz) in studies of IDPs or IDRs of proteins that reflect the improved resolution
(proportional to B,", where N is the dimensionality of the experiment, neglecting the potential
effects of conformational exchange), as well as the increased TROSY effect that is predicted to
be optimal in the vicinity of 1 GHz (35). The improved resolution between 600 MHz and 1 GHz
in studies of the condensed phase of CAPRINI can be substantial (SI Appendix, Fig. S2E).
Nevertheless, there is a tradeoff. While contributions to R, from exchange are likely to be small
for mixed-state samples, larger contributions may be expected in applications involving
condensed phases. In order to explore this more fully, we have recorded °N Ry, R, and 'H-""N
NOEs on samples of 2 mM CAPRINI1 (4°C, mixed phase) and 1:2 2¢, PN, *H: ¢, "N, 'H
CAPRINI1 (40°C, condensed phase) at static magnetic fields of 14.0 (600 MHz) and 23.4 T (1

GHz) and carried out a spectral density mapping analysis so as to separate contributions to R
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from chemical exchange (Rex) and ns-ps timescale dynamics. The approach followed that of
Farrow ef al (36) and assumed that Rey scales as B,”. An "N-"H" bond vector length of 1.04 A
and an axially symmetric "N CSA value of -163 ppm (37) were used in the analysis. Notably,
significant Rex values were obtained for the condensed-phase sample, in particular in a region
encompassing residues G620-R640 and R660-Q680, where Rex (600 MHz) values are as large as
8 s (22 s at 1 GHz), SI Appendix, Fig. S2D. In contrast, much smaller values of Rex (600 MHz)
were extracted from a similar analysis of data collected on the mixed sample with Rex < 1 s for
all but one residue (Y670, Rex = 1.7 s™). Because of the high sensitivity of our experiments, in
general, and the overall resolution gains we elected to record many of the experiments at the
higher field, but the ‘optimal’ field strength is an important consideration that must be visited on

a case-by-case basis.

Effects of spin-diffusion on CAPRIN1 inter-molecular NOE intensities

The inherent flexibility of IDRs and IDPs does not mean that magnetization transfer during NOE
mixing periods cannot occur via spin diffusion in these dynamic systems. J(0) spectra density
values for CAPRIN1 have been calculated from "N R, R, and '"H-""N NOEs, using the spectral
density mapping approach, as described above, and are plotted as a function of residue in S/
Appendix, Fig. S7A4. J(0) = 2/5 x S, values on the order of 2 ns and 6 ns are obtained for mixed
(4°C) and condensed-phase (40°C) CAPRINI samples, respectively, corresponding to St
values (S* is the square of the backbone amide order parameter and 1. is the site-specific
effective correlation time) of 5 ns and 15 ns, respectively, or to folded proteins with molecular
masses of approximately 10 kDa and 30 kDa. Deuteration can significantly mitigate spin-

diffusion, in addition to providing significant sensitivity gains (SI Appendix, Fig. S2C), and we
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exploit this in the construction of the condensed-phase sample for measurement of inter-
molecular NOEs since one of the components is 2C, N, ?H labeled. However, the second
component is C labeled and, of necessity, also protonated, so that spin diffusion pathways
within this chain, and, in particular, within protons of a given sidechain, are certainly operative.
Our comparative studies of intra- and inter-molecular NOEs in the condensed phase indicate that
intra-residue NOE:s (that are, of course, intra-molecular) can be an order of magnitude larger than
inter-molecular contacts (compare Fig. 4B and 54). Thus, it is likely that in the Aro experiment,
for example, a fraction of the magnetization will be transferred directly from H*** to H" on a
neighboring chain, with an additional magnetization component diffusing rapidly up the aromatic
sidechain via a multi-step process prior to transferring to the neighboring H. In order to evaluate
these scenarios quantitatively we have recorded the Aro experiment as before except that an
aliphatic 'H selective pulse (900 ps Iburp (38), centered at 2.9 ppm, 1 GHz), was applied in the
middle of the mixing period. The effect is to invert aliphatic 'H magnetization, leaving amide
and aromatic 'H spins unchanged, thereby removing the spin diffusion pathway that proceeds

through a magnetization transfer process that can be described schematically as

goet mm  pef et s YN where “intra” and “inter” above the arrows indicate intra-residue

and inter-molecular magnetization transfer during the mixing period, respectively, and H*?
denotes H* or H? protons of the same residue. This approach is analogous to that suggest
originally by Massefski and Redfield (39) and to the QUIET-NOESY schemes that were
subsequently developed by Bodenhausen and coworkers (40). Figure S7B shows 1D traces from
the Aro-NOE experiment recorded with and without the selective aliphatic 'H pulse at mixing
times of 100 and 200 ms, showing that approximately 30% (100 ms) and 45%-50% (200 ms) of

the net H¥®* to HY inter-molecular magnetization transfer occurs via multiple steps involvin
g p p g

16



aliphatic protons, very likely along the aromatic sidechain. Very similar spectra are obtained
when one or a pair of selective pulses (uniformly spaced) is applied during the mixing period, or
when the selective pulse inverts the aromatic and amide protons, rather than the aliphatic spins,
that also suppresses spin diffusion pathways through aliphatic protons. Figure S7C plots
normalized NOE intensities (100 ms mixing time) as a function of the backbone amide position
obtained in the Aro-NOE experiment recorded with the selective aliphatic pulse, establishing that
very similar profiles are obtained with or without (i.e., severely attenuated) spin-diffusion

pathways.

Comparison of intra- and inter-molecular NOE intensities

Our data establish that intra-molecular NOEs in the CAPRINI condensed-phase sample,
primarily localized to intra-residue and sequential residue interactions, are significantly more
intense (by as much as an order of magnitude) than the corresponding inter-molecular contacts
that extend over much larger regions of sequence. As the intra- and inter-molecular NOE
experiments were recorded on separate NMR samples in order to ensure the appropriate
magnetization transfer pathways (see Fig. 3B), it is important to consider differences in sample
concentrations in an evaluation of the relative magnitudes of NOEs in each case, and to establish
whether inter-molecular NOEs would be expected to be observed in the “intra-molecular NOE”
condensed-phase sample. As described in the text, we have used a sample comprised of a 1:2
ratio of '*C, "N, ?H: °C, "N, 'H labeled CAPRINI molecules to record inter-molecular NOEs.
At 40°C, the concentration of protein in the condensed phase is 22.4 mM (Fig. 34) so that the
two components have concentrations of ~7.5 mM (**C, PN, ?H) and ~15 mM (°C, '*N, 'H). In

order to calculate the effective concentration of protein that gives rise to inter-molecular NOEs,
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we consider a simple model whereby magnetization is transferred between a pair of proximal
(13C, N, 'H:"’C, PN, 2H) chains. At any given time, proximal chains can be (13C, "N, 'H:"C,
N, 'H), (*C, PN, *H:"*C, PN, *H), or (°C, "N, 'H:'*C, °N, *H), with probabilities of 4/9, 1/9,
and 4/9, respectively, and with effective concentrations of 5, 1.25, and 5 mM, respectively. Thus,
inter-molecular NOEs derive from pairs of chains with an effective concentration of 5 mM. It is
worth noting that to optimize the inter-molecular NOE intensities a sample with equal
concentrations of labeled components is required, to produce an effective concentration of 5.6
mM for ‘NOE-active’ pairs of proximal (‘*C, °N, *H: °C, "N, 'H) proteins, approximately 12%
higher than what was used here.

As described in the text, a second sample that was labeled as 1:5 B, PN, 'H:'*C, “N, 'H
CAPRINT1 was prepared to record intra-molecular contacts in the condensed phase. The effective
concentration of ‘intra-molecular NOE active molecules’ is, therefore 3.7 mM (1/6 x 22.4 mM),
that is slighter lower than for the inter-molecular NOE measurements (effective concentration of
5 mM). Although it is possible to produce a sample that is heavily biased towards ‘generating’
intra-molecular NOEs, by using a skewed ratio of B, PN, 'H:"?C, N, "H molecules, there can,
nevertheless, be inter-molecular NOE transfer involving pairs of proximal °C, "N, 'H chains.
Following arguments given above, an effective concentration of (13C, ISN, 'H: 13C, 15N, lH) pairs,
giving rise to inter-molecular NOEs, of 0.3 mM is calculated, over an order of magnitude lower
than the concentration of >C, >N, 'H CAPRINI from which intra-molecular correlations are
generated (3.7 mM), and over 15-fold less than the effective concentration for measurement of
inter-molecular NOEs in the 1:2 *C, N, *H: *C, "N, 'H labeled sample. Thus, inter-molecular
contacts in the ‘intra-NOE’ sample are expected to be much smaller than their intra-NOE

counterparts, and very likely not visible (SI Appendix, Fig. S8).
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In order to rigorously compare NOEs within a given experiment (intra or inter) we have
normalized their intensities with the corresponding intensities of amide correlations in HSQC
experiments, as described in the text. In this manner peak broadening due to conformational
exchange (SI Appendix, Fig. S2D) or exchange with water that would otherwise give rise to
residue specific changes in NOE intensities are taken into account. Normalization with respect to
HSQC intensities is even more important in a comparison of intra- and inter-molecular NOEs, as
different samples are used that are labeled in different ways (’N,?H for inter and "N,'H for
intra). Taking into account the difference in the effective protein concentrations that gives rise to
intra- and inter-molecular NOEs, 3.7 mM and 5 mM, respectively (see above), and the
concentration differences of the ’N-labeled CAPRIN1 components that produce the HSQC
spectra used to normalize the measured NOEs (3.7 mM and 7.5 mM for intra- and inter-
molecular NOEs), the normalized inter-molecular NOEs must be multiplied by a factor of 1.5
(7.5/5) to be fully comparable with their intra-molecular NOE counterparts. We have not
“normalized” the reported NOE values in this way, however, as the factor is relatively small
compared to the very significant differences that are observed between the inter- and intra-
molecular classes of NOE.

Finally, unlike in studies of the intra-molecular condensed-phase sample (1:5 °C, °N, 'H:
12C, 14N, 'H CAPRIN1), inter-molecular NOEs are expected in the HE to HY NOE experiments
of SI Appendix, Fig. S4 using the mixed-state 2 mM U-"N,"*C CAPRIN1 sample, although intra-
NOEs will be much more intense. Figures 5A (right) and S8 (bottom) make the point clearly,
showing that measured NOEs in the mixed-state sample are predominantly of the intra- and
sequential residue variety, while significantly weaker inter-molecular NOEs are observed that

span 10-20 residues (SI Appendix, Fig. S8). Note that the mixed-state sample was placed in a 5
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mm NMR tube, while 3 mm tubes were used for all condensed-phase samples. Based on the
protein concentrations and labeling of each sample, and taking into account the increase in signal
from using a 5 mm relative to a 3 mm tube (that is expected to scale with volume for low salt
samples), we calculate an increase of 9-fold for inter-molecular NOEs in the mixed-state sample

relative to the 1:5 °C, >N, 'H: '*C, "N, 'H condensed-phase sample, neglecting other factors.
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Fig. S1. ATP binds to Arg-rich sequences of CAPRINI1. (A) Chemical shift perturbations
(CSPs) upon binding of ATP-Mg to CAPRINI at pH 7.4, 25°C. CSPs were calculated using the

following equation, CSP = ‘/Ale T A0 T+ AV”N , where Av is the difference (Hz) between
peak positions in 3D haCONHA datasets recorded With and without 1.6 mM ATP-Mg. (B)
Selected regions of 2D ""N-">CO projections from 3D haCONHA datasets recorded on U-""N-
,C-labeled mixed-state CAPRIN1 samples, 1.6 mM ATP-Mg, in the presence (red) or absence
(black) of 1% Mn*" (600 MHz, 25°C). Peaks connecting ("°CO, 'H? residue j) to °N of Pro
(residue j+1) are aliased (shown in green for 1.6 mM ATP-Mg and orange for 1.6 mM ATP-Mg
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+ 1% Mn*", and indicated by *), while peaks connecting Gly-Pro are doubly aliased (small panel
centered at 105 ppm (°N) and 179.5 ppm (*CO) and indicated by **). Some assignments are
shown. (C) Expanded views of selected spectral regions from (B) showing attenuation of peak
intensities in regions where ATP-Mn binds. Shown above each spectral region are 1D *CO
projections, calculated as sums over the "N dimension. Note that a control experiment
establishes that no loss in signal intensity occurs when 5.6 uM Mn*" is added in the absence of
nucleotide, corresponding to the concentration of free Mn>" in the ATP-Mg + 1% Mn*" sample.
This establishes that the attenuation is due to binding of ATP-Mn (Fig. 1C).
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Fig. S2. Resolution and sensitivity enhancement of condensed-phase spectra by deuteration
and improvements at 1 GHz. (A) Comparison of "N-'"H" TROSY-HSQC spectra of 1:2 '*C,
BN, ?H: P, N, 'H and 1:5 C, PN, 'H:'*C, "N, 'H CAPRIN1 condensed-phase samples (used

for the measurement of inter- and intra-molecular NOEs, respectively, 40°C, 1 GHz), with

assignments as indicated. (B) Enlarged spectral region from “H- (top, black) and 'H- (bottom,
purple) labeled "N chains (inter- and intra-molecular NOE samples, respectively), illustrating

the improved spectral resolution that deuteration affords. (C) Histogram showing the intensity
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ratios of peaks in PN-THY TROSY-HSQC spectra of 2¢, N, ?H- and "C, "N, '"H-CAPRIN1 in
the condensed phase, accounting for differences in sample concentrations. The median
improvement in sensitivity with deuteration is 1.7-fold (40°C, 1 GHz). (D) Resolution in spectra
of condensed-phase proteins can be negatively affected due to exchange contributions to
transverse relaxation rates. Comparison of Ry values (exchange contributions to R, at 600 MHz)
for condensed-phase (40°C) and mixed-state (4°C) samples based on a spectral density mapping
analysis (36) using relaxation data recorded at 14.0 and 23.4 T (see description above). It is
important to note that R, rates were recorded with an N spin-lock field of 2 kHz and thus
exchange contributions with lifetimes in excess of approximately 500 us contribute little to the
measured R values. Therefore, contributions from exchange during free-precession periods
would be expected to be larger than the values indicated. Rex rates at 1 GHz can be calculated by
multiplying Re(600MHz) by 100/36. (E) Comparison of Gly spectral regions from “N-'HY
TROSY-HSQC spectra of 1:2 2¢, PN, *H: °C, "N, 'H condensed phase CAPRIN1 at 600 MHz
(left) and 1 GHz (right), 40°C, establishing significant resolution benefits for the dataset
recorded at 1 GHz. Contour levels are adjusted to have similar numbers of contours in both
spectra. These spectra were recorded after the sample had aged such that the G624 cross-peak
had shifted in position due to formation of an iso-Asp linkage involving N623-G624 (2).
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Fig. S3 Spectral editing of H (Phe/Tyr H¥*%, Arg H%, Ser HP, non-Gly H%, Gly H*) protons
for measurement of intra-/inter-molecular NOEs. (A) >C-"H correlation map of condensed-
phase CAPRIN1 (40°C, 600 MHz). The peaks derived from aromatic residues are aliased in the
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BC dimension. °C-'H correlation maps, selectively editing for (B) Phe/Tyr-H*** (no other
aromatic residue types in CAPRIN1), (C) Arg-H®, (D) Ser-H?, (E) non-Gly-H% and (F) Gly-H?,
using the pulse schemes of SI Appendix, Fig. S4, modified to record °C,"H maps. Contour levels
in spectra shown in (B)-(F) are lowered by 2.5-fold relative to (A) to highlight the level of
selectivity in each class of experiment.
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Fig. S4. Pulse schemes used to select for 'H spins of interest (i.e., aromatic spins in the Aro
experiment, all H* with the exception of o-protons from Gly in the Non-Gly-H* experiment and
so forth). The 'H carrier is positioned on the water signal for the duration of the pulse scheme
(including HSQC portion), while the ">C carrier is placed at a frequency indicated below and
subsequently jumped between C* and CO spins, 117 ppm, during the HSQC element. All
rectangular 'H and °C pulses are applied at the highest possible power settings, and 'H and "°C
black(grey) rectangular pulses have 90°(180°) flip angles. The HSQC ‘box’ at the end of each
scheme denotes either a TROSY-based HSQC sequence (35), which has been used in the
majority of the experiments, or an enhanced sensitivity HSQC sequence (11). Gradient strengths
(in % maximum) and durations are: gl=(10%,1ms), g2=(20%,0.3ms), g3=(35%,0.8ms), g4=(-
40%,0.8ms), g5=(-10%,0.3ms), g6=(30%,0.6ms). Selective pulse durations correspond to those
used for recording spectra at a static magnetic field of 23.4T (1 GHz) and can be adjusted for any
B, field according to the relation: pulse duration(B,) = pulse duration(1GHz) x B,(1GHz)/B,. (A)
Pulse scheme for selecting aromatic protons. The "’C carrier is positioned at 125 ppm and
aromatic protons are selected by applying 510 us on-resonance C pulses with the REBURP
profile (38) during INEPT and reverse-INEPT transfers (41), T = 1.6 ms. The phase ¢, is cycled
+x with concomitant inversion of the receiver phase. The experiment can be measured in 3D
mode by including an extra dimension whereby aromatic °C chemical shifts are recorded (t)
with quadrature in this indirect dimension achieved via STATES-TPPI (42) of phase 0;; in 2D
mode the t; element is replaced by the inset shown below. This scheme has also been used to
measure methyl-'HY NOEs. In this case the "°C carrier was positioned at 21 ppm, the REBURP
pulses were of duration 1020 us, T = 1.8 ms, and 3D spectra were recorded. Notably, there is
only a single Leu residue and some of the other methyl groups are sufficiently well resolved in
the °C dimension so that site-specific information for both the origination and destination of
magnetization is available in some cases. (B) Non-Gly-H* experiment for measuring NOEs
between o-protons of all residues, with the exception of Gly, and H" spins. The °C carrier is
positioned at 57.9 ppm, T = 1.75 ms. A 1.38 ms °C IBURP pulse (38) is applied in alternate
scans (indicated by +,- in the figure, where +(-) denotes application(absence) of the pulse), in
concert with inversion of the phase of the receiver, to select for all C* spins (except Gly). In
order to eliminate contributions from Pro residues and most, but not all Ser residues, a 6 ms 'H
IBURP pulse centered at 3.6 ppm (center of Pro) is applied for the first 2 of every 4 scans
(indicated in the figure by +,+.-,-), with no change to the phase of the receiver. Finally, °C
WURST adiabatic decoupling elements (43) centered at 70 ppm (£2 ppm bandwidth; Thr-C?)
and 44 ppm (+4 ppm; Gly-C*) are applied during the INEPT element to suppress magnetization
transfer from protons of Gly and Thr (H?) to °C and hence eliminate NOEs from them. (C) Gly
experiment for measuring NOEs between Gly H* and H protons. The "°C carrier is positioned at
46 ppm. Selection of Gly H” is achieved through the use of a 1.8 ms '"H REBURP pulse during
the INEPT element (Tt = 1.75 ms) whose position is carefully tuned (~ 5.15 ppm) so as to
minimize selection of other 'H spins and optimize sensitivity (using the *C-"H HSQC variant, as
discussed above) and by the application of a 6 ms IBURP pulse on °C (46 ppm) in successive
scans with concomitant inversion of the phase of the receiver when the pulse is applied. (D)
Pulse scheme for measurement of Arg H>-H" NOEs. The "°C carrier is placed at 43.6 ppm, the
resonance frequency of the Arg C° carbons. Selection of Arg H® protons is achieved through the
use of a 'H 1.8 ms REBURP pulse centered at the Arg H® resonance frequency (3.3 ppm) during
the INEPT transfer period (t = 1.85 ms), as well as by 9 ms (43.6 ppm) and 6 ms (3.3 ppm) "°C
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and 'H IBURP pulses, applied successively, and for the first 2 of every 4 scans, respectively. The
receiver is cycled x,2(-x),x during this 4-step element. (E) Measurement of Ser HP-H" NOEs.
The C carrier is positioned at 64 ppm. 'H magnetization one-bond coupled to carbon spins
resonating between 40-57.5 ppm or between 68-72 ppm is selected against during the first
INEPT period (t = 1.75 ms) by a ?C WURST decoupling element centered at 48.75 ppm (+8.75
ppm bandwidth) and 70 ppm (2 ppm; Thr-C?) to eliminate NOE contributions from most H*
protons and HP protons of Thr. A 12 ms 'H IBURP pulse centered on the Ser H? (3.95 ppm in our
case) is applied in successive scans with concomitant inversion of the receiver phase to select for
Ser HP, while Gly H* protons are eliminated through the action of 1.5 ms ?C IBURP centered at
48 ppm applied for the first 2 of 4 scans with no change to the phase of the receiver.

As discussed above, these sequences can be easily modified to record °C,'H correlation
maps or 1D “C-edited spectra (to test for the efficacy of the selection process) by changing the
phase of the final 'H pulse from y to x, followed by signal detection (i.e., eliminating the
remaining sequence). It is strongly recommended that 1D "“C-edited experiments by used to
optimize the position of selective pulses, that are likely to depend slightly on the sample and
experimental conditions.
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Fig. S5. Inter-molecular contacts between Arg H® and backbone amides in the condensed
CAPRINT1 phase. Selected regions from a 200 ms NOESY dataset showing Arg H® - "H" inter-
molecular NOEs (red), superimposed on the corresponding regions from an HSQC-TROSY

spectrum (black), recorded at 1 GHz, 40°C.
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Fig. S6. Spurious intra-molecular NOEs are weak or not observed in the inter-molecular
NOE experiment. (A) Comparison of non-Gly H* NOE spectra recorded using 1:2
2¢,°NH:PC N H and 1:2 2CMNL'H:PCLNL'H CAPRINT condensed-phase samples (40°C,
1 GHz, 200 ms mixing time). A large number of NOEs are observed using the 1:2
2¢,°NSH: PN H sample, as described in the text (left); although unlikely, some NOEs
could, in principle, derive from an intra-molecular transfer within the BC,"N,'H chain, since in a
natural abundance nitrogen sample ~0.3% of the nitrogen is °N. In order to evaluate whether
this occurs, we have recorded corresponding datasets under identical conditions on a 1:2
2¢,“N,'H:PC,*N,'"H CAPRIN1 sample (right). Of the 3 or 4 correlations (barely) above noise
in the control spectrum for the non-Gly H* experiment, the most sensitive of all NOE

31



experiments in our suite, one has an intensity of 12% and the remainder less than 8% of the
corresponding peaks in the inter-molecular dataset. It is noteworthy that inter-molecular NOE
correlations and spurious intra-molecular cross peaks are separated in positions by deuterium
isotope shifts (44), as is shown in the dashed box where the upfield and downfield correlations
derive from inter- (i.e., to *H-protein) and intra- (i.e., to 'H-protein) NOEs. It is thus possible to
separate the very few artifacts in the non-Gly H* experiment (none are observed in any other
experiments, see below) by the position of the peaks in the dataset. (B) Comparative Phe/Tyr-
HY*“-H" NOE spectra, as in (A). Spurious intra-molecular NOEs are not observed, nor are they
observed in other NOE spectra.
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corresponding to inter-molecular NOE transfer from aromatic H¥** protons to H" of an adjacent
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ms) of the net H¥** to H" inter-molecular magnetization transfer occurs via multiple steps
involving aliphatic spins, most likely along the aromatic sidechain. (C) Normalized NOE
intensities as a function of backbone amide position, as Fig. 4B, obtained in the Aro experiment,
100 ms, recorded with a selective aliphatic pulse applied in the center of the mixing period. The
same pattern as observed in the profiles of Fig. 4B is noted.
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Fig. S8. Phe/Tyr-H¥**-H" NOEs from condensed and mixed-state CAPRIN1 samples show
distinct patterns of inter- and intra-molecular NOEs. Selected regions of NOE datasets
(highlighting NOEs to Gly amides) showing inter- and intra-molecular NOEs (red) from
condensed-phase samples (top and middle, respectively; 40°C, 200 ms mixing time, 1 GHz), and
NOEs from a mixed-state sample (bottom; 4°C, 200 ms mixing time, 600 MHz). NOEs from the
mixed-state sample can be either intra- or inter-molecular, although those of the intra-molecular
variety will be significantly more intense (see text above). Whereas intra-molecular NOEs are
largely restricted to neighboring residues, highlighted in green, with the closest position relative
to a Phe/Tyr indicated in brackets (+j indicates a Phe/Tyr residue j amino acids C-terminal to the
Gly in question), inter-molecular contacts connect distal residues on separate chains. NOE
spectra are shown as multiple contours with resonance assignments. Single black contours
denote the positions of correlations in ’N-"H" HSQC spectra.
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Fig. S9. Methyl-'"H" NOEs in the condensed CAPRIN1 phase emphasize differences
between inter- and intra-molecular interactions. Comparison of inter- and intra-molecular,
site-specific, methyl-amide NOEs observed in 1:2 2¢, PN, *H:*C, N, 'H and 1:5 "C, PN,
'H:'*C, "N, 'H labeled CAPRINI samples (200 ms mixing time, 40°C, 1 GHz), respectively.
Single contours (black) highlight positions of amide correlations in ""N-"HY HSQC spectra,
while red contours are NOEs. Planes from 3D NOE spectra are shown for L621 H*, A629 H?,
V610 H”, and V 708 H”, along with selected assignments. M622 and M622* denote correlations
connecting L621 H® with HY of M622 where position 623 is asparagine or iso-aspartic acid (*),
resulting from the slow deamidation of N623 (2). Arrows at the top of the profiles indicate the
residue from which magnetization originates. Note that intensities of correlations from 3D NOE
and 2D HSQC spectra were first normalized by measurement times of each dataset before
calculating normalized NOE values. Contours are plotted at the noise level to establish that many
of the correlations observed in the inter-molecular NOE dataset are not observed in the intra-
molecular NOE spectrum.
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Fig. S10. O-GlIcNAcylation of CAPRIN1 occurs at S644 and S649. (A) Mass spectrometry
analysis of the CAPRIN1 O-GlcNAcylation reaction. Masses of unmodified CAPRINTI (+0) and
CAPRINI singly (+1) and doubly (+2) glycosylated (after 33 h of reaction) are shown. Multiple
lines are observed for each species with a separation of either 16 or 32 Da, corresponding to
oxidation of Met residues (there are 3 Met in the sequence) or addition of a sodium ion,
respectively. (B) Selected planes from a 3D haCONHA data set (25°C, 600 MHz) showing the
large change in corresponding peak positions that accompanies glycosylation at S644. (C) Time
profile of the CAPRIN1 O-GlcNAcylation reaction (25°C) at positions S644 and S649, showing
the build-up of new peaks from glycosylation (green) and decay of correlations that derive from
the unmodified protein.
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