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Abstract 

DNA regulation, replication and repair are processes fundamental to all known organisms and the sliding clamp proliferating cell nuclear antigen 
(PCNA) is central to all these processes. S-phase delaying protein 1 (Spd1) from S. pombe , an intrinsically disordered protein that causes 
c hec kpoint activ ation b y inhibiting the enzyme ribonucleotide reductase, has one of the most divergent PCNA binding motifs known. Using 
NMR spectroscop y, in viv o assa y s, X-ra y cry stallograph y , calorimetry , and Monte Carlo simulations, an additional PCNA binding motif in Spd1, a 
PIP-bo x, is re v ealed. T he tw o tandemly positioned, low affinity sites e x change rapidly on PCNA e xploiting the same binding sites . Increasing or 
decreasing the binding affinity between Spd1 and PCNA through mutations of either motif compromised the ability of Spd1 to cause c hec kpoint 
activation in yeast. These results pinpoint a role for PCNA in Spd1-mediated c hec kpoint activation and suggest that its tandemly positioned 
short linear motifs create a neatly balanced competition-based sy stem, in v olving PCNA, Spd1 and the small ribonucleotide reductase subunit, 
Suc22 R2 . Similar mechanisms may be relevant in other PCNA binding ligands where divergent binding motifs so far have gone under the PIP-box 
radar. 
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ntroduction 

n Archaea and Eukaryota, the sliding clamp proliferating cell
uclear antigen (PCNA) is found at the centre of all DNA
eplication, modification and repair processes ( 1–4 ). A sim-
lar molecule, the β-clamp, has the same basic function in
acteria ( 4 ,5 ). These clamps are essential to all living cells.
CNA is a homotrimer in the shape of a ring, the centre
f which can harbour a DNA double strand. The trimer
s latched onto DNA by a clamp loader in an ATP depen-
ent manner ( 6 ). The ring then slides along the DNA double
trand, carrying relevant interaction partners such as poly-
erases, replication factors, and nucleases ( 7 ). When teth-

red to PCNA, they are arranged optimally for interaction
ith DNA and in particular ways relevant to their function

 3 ,8 ). 
PCNA ligands that do not interact with DNA also exist.

hey take on other roles, such as in cell cycle regulation ( 9 ,10 ).
everal cytosolic PCNA binding proteins have been identi-
ed, some of which are part of the mitogen activated pro-
ein kinase (MAPK) signalling cascade, while others are in-
olved in metabolic regulation (( 11 ) and references therein).
nce bound to PCNA, some ligands can be recognized by the
dt2 protein, which is part of the CRL4 

Cdt2 E3 ubiquityla-
ion complex, whereby they become destined to ubiquityla-
ion, and thus, PCNA binding can promote timely degradation
f a subset of its ligands ( 12 ). 
The large number of interaction partners makes PCNA a

eneric molecular hub, and its pivotal role to life is under-
ined by the fact that PCNA molecules from Eukaryota and
rchaea have been separated in their respective domains for
t least 2.5 billion years, yet their detailed molecular struc-
ures have remained astonishingly similar ( 9 ). PCNA has one
ell-documented central ligand binding site in each subunit,

onstituted by a hydrophobic- and a Q-pocket, which binds
 wealth of ligands that differ broadly in sequence. Most lig-
nds are intrinsically disordered in their free state and adopt
 single 3 10 -helical turn when bound ( 6–8 , 13 , 14 ). Although
ery rare, a few exceptions exist, where the ligand either
orms an extended strand of a stretch of residues (e.g. Acti-
ator 1 40 kDa subunit complex ( 6 )) or is α-helical (e.g. Pif1
 15 )), or where ligands also bind to other patches on PCNA
 16 ). 

The central PCNA-binding residues in the ligands consti-
ute a short linear motif (SLiM) and are referred to as the
CNA interacting peptide (PIP) ( 17 ). The PIPs are divided

nto at least three groups; the PIP-box, the PIP-degron ( 18 ,19 )
nd the AlkB homologue 2 PCNA-interacting motif (APIM)
 20 ). These three groups have the following consensus motifs:
IP-box: QXX ψ XX ��, PIP-degron: QXX ψ TD ��XXX[+]
nd APIM: [+] �ψ ψ [+], where X is any amino acid, ψ is an
liphatic residue, � is an aromatic residue and [+] is either K or
. None of the residues are completely conserved throughout
ll PCNA binding SLiMs or exclusively necessary for bind-
ng, reflecting a high degree of diversity and adaptability, and
hus a broad tolerance by PCNA for accommodating different
equence motifs ( 8 ). 

For reasons that so far have been somewhat elusive, some
CNA ligands have been shown to contain more than one
CNA binding SLiM ( 21 ). The transcription factor TFII-I is
ctive in translesion DNA-synthesis through binding to PCNA
ia four APIM motifs ( 22 ). In the case of human DNA poly-
erase (Pol) η, three PIP-boxes (PIP1-3) were discovered ( 23 ).
ere, the presence of PIP3 and to a lesser degree PIP2 pro-
moted monoubiquitylation of PCNA in response to DNA
damage ( 23 ). Pol η polymerase activity was dependent on
the presence of PIP1 and PIP3, but not PIP2, so tandemly re-
peated PIP-boxes may contain specialised SLiMs, the binding
of which depend on the cellular state. Whether the three Pol
η PIP sites bind in a cooperative manner or bind to different
PCNA subunits remains to be investigated. 

One of the PCNA ligands unreported to interact with
DNA is S-phase delaying protein 1 (Spd1) from Sc hizosacc ha-
romyces (S.) pombe . Spd1 is a small intrinsically disordered
protein (IDP) ( 24 ,25 ), originally identified as an inhibitor of
DNA replication ( 26 ,27 ). Subsequent studies established that
Spd1 inhibits the enzyme complex ribonucleotide reductase
(RNR) by several complex mechanisms ( 25 ), one of which is
to sequester the small subunit Suc22 

R2 inside the nucleus. Dur-
ing DNA synthesis, Spd1 becomes degraded by a mechanism
depending on the CRL4 

Cdt2 ubiquitylation pathway. Failure
to degrade Spd1 renders cell survival reliant on activation of
the Rad3 

ATR checkpoint, presumably because of starvation
for dNTP DNA building blocks. The Spd1 protein is highly
unstable ( 28 ) and the coupling of its degradation with on-
going replication may serve to ensure optimal dNTP levels
for error free DNA synthesis via feedback inhibition of RNR
( 29 ,30 ). 

Consistent with its CRL4 

Cdt2 dependent degradation, Spd1
was shown to contain a PCNA-binding SLiM of the PIP-
degron type constituting residues Q30-K42 ( 29 ), and by bi-
molecular fluorescence complementation (BiFC), Spd1 was
demonstrated to interact with PCNA in vivo ( 31 ). These stud-
ies reported a modest but significant residual binding to PCNA
with Spd1 

44-124 ( i.e. in the absence of the PIP-degron), sug-
gesting the presence of additional PCNA binding by Spd1.
However, the sequence of the Spd1 PIP-degron makes it one
of the most divergent among 80 recently curated ligands ( 8 ),
in that it lacks both aromatic residues of the motif, Figure
1 A. One of these is even substituted by a glycine (Gly37). As
this region, which encompasses the PIP-degron, directly over-
laps with the HUG domain shown to be implicated in seques-
tering the small RNR subunit Suc22 

R2 into the nucleus ( 25 ),
this might, in part explain the divergence from the PIP-degron
consensus. 

In the present paper, we analyse PCNA binding by Spd1 in
detail using Spd1, Spd1-derived peptide ligands, as well as lig-
and variants. We apply nuclear magnetic resonance (NMR)
spectroscopy, isothermal titration calorimetry (ITC), in vivo
assays, X-ray crystallography, and Monte Carlo (MC) sim-
ulations analyses. We identify an additional PCNA binding
motif in Spd1, a PIP-box, and show that the two low-affinity,
tandemly positioned motifs exchange rapidly on PCNA in
vitro. Computational simulation analyses suggest that in the
PIP-degron-bound complex, the PIP-box binds to the interdo-
main connecting loop on the outer surface of PCNA, whereas
in the PIP-box-bound state, the PIP-degron binds to the in-
terior cavity of PCNA. Increasing or decreasing the affinity
between Spd1 and PCNA through mutations caused a reduc-
tion in the ability of Spd1 accumulation to cause Rad3 

ATR

activation in vivo . The results reveal an example of a neatly
balanced competition-based system at the heart of check-
point activation, involving PCNA, Spd1, Suc22 

R2 , and most
likely also other factors in the DNA replication network. We
speculate that this could be relevant for many other PCNA
binding ligands, which so far have gone under the PIP-box
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Figure 1. Spd1 carries not one, but two PIP motifs. ( A ) Alignment of 16 different PIP-degron SLiMs from Fungi and Animalia illustrates a remarkable 
conserv ation. T he PIP-degron of Spd1 is permutated almost be y ond recognition and lacks the tw o canonical aromatic residues. ( B ) Secondary chemical 
shift of C 

α (upper panel) and C’ (lo w er panel) nuclei of Spd1 in solutions calculated from assignment in the absence and presence of 8 M urea. Transient 
helices are indicated by TH1 through TH4. ( C ) 1 H—15 N-HSQC spectra of 15 N-labelled Spd1 in the absence (black) and presence (red) of equimolar 
concentration of S. pombe PCNA. Signals from representative residues that disappear from the spectrum in the presence of PCNA are highlighted to 
the right. ( D ) Chemical shift perturbations (upper panel) and intensity ratios (lo w er panel) of 15 N-Spd1 upon addition of PCNA. Two regions are affected, 
the known PIP-degron N-terminally, and 14 residues C-terminal to that, a hitherto unidentified PIP-box. Green squares: unassigned / proline residues, blue 
squares: o v erlapping residues and red squares: disappearing NMR signals. 
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Materials and methods 

Protein purification and peptides 

Spd1 and variants were expressed and purified from 

15 N-
labeled ( 15 NH 4 SO 4 ) or 15 N and 

13 C labelled ( 13 C 6 -glucose)
M9 medium as previously described ( 25 ) and NMR assign-
ments of Spd1 obtained from BMRB code 51376 ( 32 ). 

PCNA was purified using two different approaches. PCNA
was expressed from a modified pET24b vector with His 6 -
SUMO-spPCNA after transforming into Esc heric hia coli
BL21(DE3) cells and grown on an agar plate containing 50
μg / ml kanamycin (kan) overnight (o / n) at 37 

◦C. A single
colony from the plate was transferred to 10 ml of room tem-
perature (RT) LB medium containing 50 μg / ml kan and incu-
bated at 37 

◦C o / n while shaking at 180 rpm. The overnight 
culture was added to 1 L LB medium containing kan to a fi- 
nal concentration of 50 μg / ml and the culture incubated at 
37 

◦C while shaking at 180 rpm. At OD 600 ∼0.8, isopropyl- d - 
thio-galactoside (IPTG) was added to a final concentration of 
0.5 mM to induce expression and the culture left o / n at 20 

◦C 

shaking at 180 rpm. 
For NMR experiments, 2 H, 15 N, 13 C labelled PCNA was 

expressed in deuterated M9 media containing 2 g / l 13 C, 2 H 

labelled glucose and 1 g / l 15 NH 4 Cl in 98% D 2 O with the ad-
dition of kan to a concentration of 25 μg / ml. Overnight cul- 
tures in LB medium were made as described above. Precultures 
were made by adding 500 μl of overnight culture to 20 ml 
deuterated M9 media with 25 μg / ml kan and the precultures 
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ere grown o / n at 37 

◦C shaking at 180 rpm. The preculture
as added to 480 ml deuterated M9 media with 25 μg / ml kan

nd incubated at 37 

◦C, 180 rpm. At OD 600 ∼0.5 the cells were
nduced by adding IPTG to a final concentration of 1 mM
nd the culture was left o / n at 20 

◦C shaking at 180 rpm. The
ells were harvested by centrifugation at 5000 × g for 15 min,
rained and the pellets stored at –20 

◦C. The cell pellets were
hawed on ice and resuspended in 40 ml of solution A (50 mM
ris–HCl pH 8.0, 150 mM NaCl, 10 mM imidazole, 10 mM
-mercaptoethanol (bME)) supplemented with a cOmplete ™,
DTA-free Protease Inhibitor Cocktail (Roche). The sample
as applied to a French press cell (40 ml), prechilled to 4 

◦C
nd the cells were pressurized to approximately 20 000 psi.
he cell lysate was collected on ice. Cell debris was removed
y centrifugation at 20 000 × g for 30 min at 4 

◦C. The su-
ernatant was added to a 50 ml Falcon tube containing 5
l Ni-NTA suspension (Qiagen) resuspended in solution A

nd left to settle on a tilting table for 1 h at RT. The solu-
ion was loaded onto a disposable plastic chromatography
olumn prior to being washed with 50 ml solution B (1 M
aCl, 50 mM Tris pH 8.0, 10 mM imidazole, 10 mM bME).
he column was washed with 50 ml ice-cold solution A, and
luted using 10 ml of solution C (250 mM imidazole, 150
M NaCl, 50 mM Tris pH 8.0, 10 mM bME). The imidazole
as removed by exchanging the buffer to solution D (50 mM
ris, 150 mM NaCl, 10 mM bME, pH 8) using an Amicon
0 000 MWCO 15 ml spin filter and ∼0.4 mg of ULP1 pro-
ease was added to cleave off the His-SUMO tag at room tem-
erature o / n. Cleaved PCNA was separated from His-SUMO
nd uncleaved His-SUMO-PCNA by incubating the protein
olution with 5 ml Ni-NTA suspension (Qiagen) resuspended
n solution D on a tilting table for 30 min. The solution was
oaded onto a disposable plastic chromatography column and
he flowthrough collected. The flowthrough was concentrated
o ∼3 ml using an Amicon 10 000 MWCO 15 ml spin filter.
he samples were centrifuged at 20 000 g for 15 min. to re-
ove precipitated protein before being applied to a size exclu-

ion chromatography column (HiLoad 16 / 60 Superdex 200,
20 ml) equilibrated with 2 CV of 20 mM sodium phosphate,
00 mM NaCl, 1mM DTT, pH 7.4. The protein was purified
t a flowrate of 1.0 ml / min and eluted over 1.5 CV. The col-
mn was run on an ÄKTA FPLC apparatus and all buffers
ere sterile filtered (0.22 μM filter) before use. After analysis
y SDS-PAGE, relevant fractions were pooled and stored at
 

◦C. 
To express unlabelled PCNA, M15 [pREP4] E. coli cells

rom a glycerol stock stored at –80 

◦C, containing the PQE32
ector with the coding region for S. pombe PCNA inserted,
ere grown on an agar plate containing 100 μg / ml ampicillin

amp) and 50 μg / ml kan o / n at 37 

◦C. The expressed PCNA
ontained an N-terminal His 6 -tag as well as cloning remnants
nd thus had the N-terminal sequence of MRGSHHHHH-
GIP, i.e. 13 additional N-terminal residues. A single colony

rom the plate was transferred to 10 ml of room temperature
RT) LB medium containing 100 μg / ml amp and 100 μg / ml
an and incubated at 37 

◦C o / n while shaking at 180 rpm.
he overnight culture was added to 1 l LB medium contain-

ng amp and kan to final concentrations of 100 μg / ml and 50
g / ml, respectively and the culture incubated at 37 

◦C while
haking at 180 rpm. At OD 600 ∼0.7, IPTG was added to a
nal concentration of 1 mM to induce expression and the cul-
ure left for 5 h at 37 

◦C shaking at 180 rpm. The cells were
arvested by centrifugation at 4000 × g for 20 min, drained
and the pellets stored at –20 

◦C. The cell pellets were thawed
on ice and resuspended in 40 ml of solution A (50 mM Tris–
HCl pH 8.0, 150 mM NaCl, 20 mM imidazole). The sam-
ple was applied to a French press cell (40 ml), prechilled to
4 

◦C. The cells were pressurized to approximately 10000 psi
and the outlet flow rate adjusted to 1 drop / s. The cell lysate
was collected on ice. Cell debris was removed by centrifuga-
tion at 30 000 × g for 20 min at 4 

◦C. The supernatant was
added to a 50 ml Falcon tube containing 5 ml Ni-NTA sus-
pension (Qiagen) resuspended in 2 ml solution A and left to
settle on a tilting table for 1 h at RT. The solution was loaded
onto a disposable plastic chromatography column prior to be-
ing washed with 120 ml solution B (1 M NaCl, 50 mM Tris
pH 8.0, 20 mM imidazole). The column was washed with 80
ml ice-cold solution A, eluted using 10 ml of solution C (250
mM imidazole, 50 mM Tris pH 8.0), and concentrated using a
10 000 Da molecular weight cut-off (MWCO) centrifugal fil-
ter (Millipore) until the volume was 1.5 ml. It was applied to a
size exclusion chromatography column (Sephacryl S-200 HR
16 / 60, 120 ml) equilibrated with 2 CV of solution D (10 mM
NaH 2 PO 4 , pH 7.4, 100 mM NaCl, 2 mM DTT) at a flowrate
of 1.0 ml / min and eluted over 1.5 CV. The column was run on
an ÄKTA FPLC apparatus and all buffers were sterile filtered
(0.22 μM filter) before use. After analysis by SDS-PAGE, rele-
vant fractions were pooled, flash cooled using liquid nitrogen
and stored in the freezer at –20 

◦C until further use. 
Peptides covering the PIP-box (27–46) and the PIP degron

(49–68) of Spd1 were bought N-terminally acetylated and
C-terminally amidated from Synpetide Co. Ltd (Shanghai,
China) and KJ ROSS-PETERSEN ApS (Copenhagen, Den-
mark), respectively. The purity was > 95% according to HPLC
and mass spectrometry spectra recorded of both peptides. 

NMR spectroscopy 

All NMR samples were prepared by adding 10% (v / v) D 2 O,
0.02% (w / v) sodium azide and 0.5 mM DSS to 309 μl of a
protein solution in 10 mM NaH 2 PO 4 and 100 mM NaCl (pH
7.4) in the presence and absence of ∼8 M urea. The pH of the
samples was checked and regulated to 7.4 with appropriate
concentrations of hydrochloric acid and sodium hydroxide if
needed. To remove insoluble material, the sample was cen-
trifuged for 5 min at 20 000 × g. The samples were transferred
to 5 mm Shigemi NMR tubes. 

All NMR spectra were recorded on a Varian Unity Inova
750 or 800 

1 H MHz NMR spectrometers or on a Bruker
Avance III HD 600 MHz spectrometer with a Bruker proton-
optimized quadruple resonance NMR ‘inverse’ (QCI) cry-
oprobe. Pulse sequences used were from the Varian Biopack
or Bruker Topspin. 1 H chemical shifts were referenced to DSS
and the 15 N and 

13 C chemical shifts indirectly using the gy-
romagnetic ratios. All spectra were zero-filled, apodized using
cosine bells in all dimensions, Fourier transformed, and the
zero-order phase was corrected manually using either nmr-
Draw, a component of NmrPipe ( 33 ) or qMDD if spectra were
recorded using non-linear-sampling (NLS). All spectra were
analysed using the Analysis software. 1 H–15 N-HSQC spectra
and triple resonance spectra, HNC ACB CBC ACONH ( 99 ),
HNCO, HNCACO and HNN were recorded for Spd1 at 4 

◦C
in the presence and absence of 7 M urea. S. pombe PCNA was
assigned from a 2 H- 13 C- 15 N labelled sample at monomer con-
centration of 1 mM using the deuterium decoupled TR OS Y
variants of HNC A, HNCO, HNC ACB, HNcoC A, HNcaCO
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as well as a 15 N edited 3D-TR OS Y-NOES Y to correlate spa-
tially close amide protons. All assignment experiment were
recorded on a 750 MHz Bruker Avance III HD Spectrome-
ter at 35 

◦C. The assignment was deposited to the BMRB with
the deposition number 51437. All backbone experiments were
recorded using NLS with a data reduction to 20%. 

Secondary chemical shifts (SCSs) and chemical 
shif t per turbations (CSPs) 

To calculate the secondary chemical shifts for Spd1 the fol-
lowing equation was used 

SCS = δobs − δrando m co il, intrinsic 

where the chemical shifts of Spd1 in 8 M urea was taken as
the intrinsic random coil chemical shifts. 

To quantify the CSPs of the signals from addition of binding
partners, 1 H, 15 N-HSQC spectra were recorded at increasing
concentrations of added ligand and the normalized CSPs from
individual peaks calculated using as the weighted Euclidean
distance 

CSP = �δ = 

√ 

( �δH ) 2 + (α · �δN) 2 

where α is 0.154 ( 34 ). 

Determination of K d s from NMR titrations 

1 H–15 N-TR OS Y-HSQCs of 150 μM 

15 N–13 C–2 H spPCNA
were measured a Varian Unity Inova 800 MHz Spectrometer
with increasing concentrations of the Spd1 

27-46 and Spd1 

49-68

peptides (up to 1.9 and 2.2 mM, respectively). The CSPs were
extracted from the CCPN Analysis software program used for
spectra analysis ( 35 ). and plotted against the ligand concentra-
tion for 5 non overlapping signals from residues that showed
the largest CSP. The data was fitted assuming a two-state bind-
ing model with the formula: 

CSP = CSP max ∗ ( ( [ P ] + [ L ] + K d ) 

−
√ 

( [ P ] + [ L ] + K d ) 
2 − 4 [ P ] ∗ [ L ] ) / ( 2 ∗ [ P ] ) 

where CSP max is the chemical shift perturbation upon satura-
tion and [P] and [L] are the total PCNA and peptide concen-
tration respectively. 

Diffusion measurements by NMR to obtain R h 
15 N-edited 1D 

1 H NMR spectra of 50 μM 

15 N-labelled Spd1
were recorded at 25 

◦C on a Bruker 600 MHz spectrome-
ter equipped with a QCI-cryoprobe and Z-field gradient with
varying gradient strengths from 2.4 to 47.2 G / cm, a diffusion
time � of 100 ms and gradient length δ of 4 ms. Translational
diffusion coefficients D for Spd1 (50 μM) were determined by
fitting the peak intensity decay of the amide resonances in Dy-
namics Center v2.5.6 (Bruker, Switzerland) using the Stejskal-
Tanner equation ( 36 ). R h was calculated from the diffusion co-
efficient using the Stokes–Einstein relation R h = k B T / (6 πηD )
with η = 0.890 mPa s (dynamic viscosity of water at 25 

◦C). 

Crystallization and data collection 

PCNA was concentrated to 0.33 mM (10 mg / ml) (based on
absorption at 280 nm and a theoretical extinction coefficient)
in buffer A (100 mM NaCl, 10 mM NaH 2 PO 4 pH 7.4, 2
mM D TT). L yophilized Spd1 

27-46 and Spd1 

53-64 (N-terminally
acetylated and C-terminally deamidated) purchased from Syn- 
peptide Co. Ltd were solubilized in buffer A to reach a con- 
centration of 3.8 mM. The PCNA and Spd1 

27–46 or Spd1 

53–64 

solutions were mixed 1:1 (by volume) prior to crystalliza- 
tion. Hanging drop vapor diffusion experiments were set up 

manually in Hampton Research VDXm plates containing 24 

wells with siliconized circular glass cover slides. To crystallize 
PCNA in complex with either the PIP-degron, (Spd1 

27–46 ) or 
the PIP-box (Spd1 

53–64 ), 2 μl of the mixture (0.17 mM PCNA 

and 1.9 mM Spd1 

27–46 ) was mixed with 2 μl reservoir solution 

containing 100 mM Tris–HCl pH 7.5, 18% (w / v) PEG4000,
6% (v / v) glycerol. All stock solutions were filtered through a 
0.22 μm filter, except for (PEG) 4000 due to the high viscosity.
Crystals were left to grow for 24 h, then harvested and flash- 
cooled in liquid nitrogen. Data were collected at the Euro- 
pean Synchrotron Radiation Facility (ESRF), beamline ID23- 
1, equipped with a Pilatus detector (3M, S / N 24-0118). Each 

frame ( �ϕ = 0.1 

◦) was exposed for 0.2 s with a monochro- 
matic beam, λ = 0.8729 Å. Obtaining data to a sufficient res- 
olution (better than 3 Å) proved challenging. The diffraction 

power often varied depending on which part of a crystal was 
exposed to the X-ray beam, and there were radiation damage 
problems. Prior to collecting an entire dataset, various parts 
of each crystal were tested, and the strategy program EDNA 

( 37 ) was run on four images, thus assessing radiation damage 
and estimated lifetime of the crystal. 

Structure solution 

Phases for the structure factor amplitudes were calculated us- 
ing molecular replacement. The search model was the crys- 
tal structure of trimeric human PCNA (51.3% sequence iden- 
tity, PDB accession code 3WGW). The search was performed 

using Phaser (all programs mentioned are part of the CCP4i 
suite ( 38 ) unless otherwise stated) and resulted in one solu- 
tion. Molecular replacement was followed by a rigid body 
refinement in Refmac5 ( 39 ). The amino acid sequence was 
altered manually in the macromolecular graphics program 

Coot ( 40 ). Several loop residues were ill (or not at all) de- 
fined in the electron density. These regions were omitted from 

the model and the majority if the initially missing residues 
were gradually built back into the model in iterative rounds of 
building and phasing, as the electron density map improved.
Non-crystallographic symmetry constraints were imposed be- 
tween the three subunits early in the building / refinement pro- 
cedure, greatly improving the phases. Each refinement round 

was performed using jelly-body refinement with sigma set to 

0.005 (tight restraints) and non-crystallographic symmetry re- 
straints, using the ‘tight main chain & medium side chain’ 
restraints option. The final R work / R free values were 0.23 and 

0.26, respectively, to 2.9 Å resolution. Some residues were 
omitted from the model because of missing or noisy elec- 
tron density, especially in the interdomain connecting loop 

(IDCL) (residues 120–130) and a loop around residues 185–
193. Statistics and crystallographic details are given in Table 
S1. The model and structure factors (electron density) are de- 
posited with the Protein Data Bank, accession code 6QH1. 

Molecular dynamics simulations 

We performed Monte Carlo simulations to visualize the con- 
formations of Spd1 in the PCNA bound state. We used the 
ABSINTH implicit solvent model ( 41 ) as implemented in the 
Campari software ( 42 ). We simulated two different systems, in 
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hich Spd1 was either bound to PCNA via the PIP-degron or
he PIP-box motif. Residues, which were missing in the crystal
tructure (PDB accession code 6QH1), were added and a start-
ng structure was generated, both using Modeller ( 43 ). In the
imulations, the PCNA structure is fixed except for the eight
-terminal residues which belong to a disordered region. The

ix residues interacting directly with the generic ligand binding
ite on PCNA were also fixed. These residues are GSLMDV
the PIP-degron site) and TTFPAY (the PIP-box). A harmonic
otential was chosen to keep the Spd1 C 

α atoms of the three
esidues in the binding site closest to PCNA restrained, to
void unbinding of Spd1. We added ions to neutralize the sys-
em and simulated two different NaCl concentrations, 5 and
0 mM. These numbers are lower than experimental values
ecause higher salt concentrations rendered the Monte Carlo
ampling computationally too slow. We simulated both sys-
ems with Replica Exchange ( 44 ), using 36 replicas spanning
he range from 300K to 400K. The analysis of the trajectories
as done with Matplotlib ( 45 ) and MDtraj ( 46 ). 

sothermal titration calorimetry 

urified PCNA was buffer exchanged into an ITC buffer (10
M sodium phosphate, 100 mM NaCl, 1 mM TCEP, pH
.4) and concentrated using an Amicon 10 000 MWCO 15
l spin filter. The lyophilized 2F2 peptide was solubilized in

TC buffer and the pH adjusted to 7.4. The ITC experiment
as repeated three times with spPCNA in the cell and the 2F2
eptide in the syringe. The concentration of the monomeric
pPCNA ranged between 23.2 and 25.9 μM, and the 2F2
eptide concentration was between 243 and 264 μM as de-
ermined on a NanoDrop ND-1000 spectrophotometer using
= 280 nm absorbance. Protein and peptide samples were

entrifuged at 20 000 × g for 15 min. at 37 

◦C to degas the
amples. Data were recorded at 37 

◦C on a Malvern MicroCal
EAC-ITC instrument with a stir speed of 750 rpm. Data were
nalysed using the MicroCal PEAQ-ITC Software and fitted
ith a one site binding model. 

east molecular genetics and cell biology 

he S. pombe strains used in the present study are listed in
upplementary Table S2 . Spd1 mutants were generated by
ite-directed mutagenesis, and used to replace Δspd1 :: ura4 

+ in
he genome by homologous recombination, selecting for FOA
esistance. Standard genetic procedures were performed ac-
ording to ( 47 ). Physiological experiments, Bimolecular Flu-
rescence Complementation (BiFC) and spot test survival as-
ays were as described previously ( 31 ). GFP-Suc22 nuclear lo-
alization was performed as in ( 24 ). Fluorescence and Dark
eld microscopy were performed on a Zeiss Axio Imager
latform (Zeiss, Jena, Germany). Western blotting was per-
ormed as described previously ( 24 ), using anti-GFP (Roche
1814460001) and anti-PCNA antibodies ( 55 ). 

esults 

o address the suggested interaction between PCNA and Spd1
t the molecular level and investigate if and how SLiM diver-
ence still enables activation of the checkpoint, we set out to
stablish the molecular properties and structural propensities
f Spd1, the Spd1–PCNA complex, and complexes between
CNA and two Spd1 derived peptides, respectively. 
Spd1 is intrinsically disordered but compact 

To enable identification of the exact binding regions between
PCNA and Spd1, we first addressed the conformational prop-
erties of Spd1. Using NMR spectroscopy, we analysed the
chemical shifts of Spd1 at neutral pH in the absence and pres-
ence of 8 M urea and extracted the secondary chemical shifts
(SCS) (Figure 1 B). These can reveal stretches adopting tran-
sient secondary structure configurations. Positive consecutive
SCSs for both C 

α and C 

′ , indicative of transient helicity (TH),
were observed in two major regions TH1 (L25-S50) and TH2
(T65-T75), and two minors ones, TH3 (E106-L110) and TH4
(V115-G119). TH2, -3 and -4 located to regions of Spd1 with
so far unassigned function. TH1, however, included the un-
usual PIP-degron motif in Spd1 (Q30-K42). This distributed
content of transient structure made us address whether the
Spd1 ensemble tended towards being extended or compact.
Using pulsed field gradient NMR diffusion experiments, the
radius of hydration, R h , was extracted. Compared to pub-
lished scaling laws (Table 1 ) ( 48 ,49 ), the hydrodynamic ra-
tio, R h of Spd1 was 27.8 ± 0.2 Å indicating it to be slightly
more compact under these conditions than most IDPs ( 49 ).
The protein also precipitated at concentrations higher than
50 μM, worsened by increasing salt concentration suggesting
the presence of hydrophobic interactions formed by both intra
and intermolecular contacts. 

Spd1 contains two functional PCNA binding sites 

Next, we investigated the Spd1:PCNA complex. To iden-
tify the PCNA interaction site in Spd1, 1 H- 15 N-HSQC spec-
tra of 15 N-labelled Spd1 in the presence and absence of
S. pombe PCNA were recorded and compared (Figure 1 C,
Supplementary Figure S1 ). A large decrease in the NMR peak
intensity ratios between bound and unbound Spd1 was ob-
served in the regions covering I29-A71 (Figure 1 D). Sets of
peaks from two distinct regions fully disappeared upon addi-
tion of PCNA, indicating these regions interact with PCNA.
One ( 30 Q GS L MD VG M 38 ), covering the previously suggested
PIP-degron and, additionally, a second motif was discovered
( 52 Q TT F PA YN 59 ), 14 residues downstream of the last residue
of the degron. This binding site motif was identified as belong-
ing to the family of PIP-boxes. 

Apart from the two PIP SLiMs, other parts of Spd1 showed
signs of interacting with PCNA. The C-terminal part (L72–
L124) exhibited only a modest decrease in intensity ratio, but
enough to suggest that these residues were affected by the pres-
ence of PCNA, although to a lesser degree. Furthermore, the
intensity of a few residues near the N-terminus of Spd1 (R6–
M8) also changed, hinting that they too partook in the inter-
action. 

Non-canonical binding of Spd1 revealed by the 

crystal structure of the PIP–degron–PCNA complex 

With the identification of an additional PCNA SLiM in Spd1
with a much stronger resemblance to a canonical PIP-box,
the question arose how these two sites target the PIP-binding
site on PCNA. We therefore set up crystals of PCNA in
complex with two Spd1-peptides containing either the PIP-
degron (Spd1 

27–46 ), the PIP-box (Spd1 

49–68 ), or full-length
Spd1. Whereas no crystals were seen with intact Spd1, crystals
grew in the presence of both peptides within 24 h. Unfortu-
nately, the diffraction data from crystals grown in the presence
of Spd1 

49–68 (the PIP-box) did not provide sufficient electron

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae011#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae011#supplementary-data
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Table 1. Chain dimensions of Spd1 

R h (Å) Scaling Reference 

NMR experimental 27.8 ± 0.2 This work 
Chemically unfolded 32.9 2.33*N 

0.549 ref ( 65 ) 
IDP 28.96 2.49*N 

0.509 ref ( 49 ) 
IDP (improved) 28.61 F*2.49*N 

0.509 ref ( 49 ) 

N: number of residues. F: factor calculated from the empirical constants A–D and the fraction of prolines and charge excess. 
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density from the ligand to allow determination of its bound
structure, likely because of lower population of the bound
state and not because of solubility issues. 

The structure of the complex of PCNA with Spd1 

27–46 (the
PIP-degron) was solved to 2.9 Å resolution with R w or k and
R free values of 0.23 and 0.26, respectively (PDB code 6QH1,
Supplementary Table S2 ). The asymmetric unit contained one
PCNA trimer and one Spd1 

27–46 peptide. PCNA formed the
well-known ring-shaped homotrimer (Figure 2 A). The outer
diameter was ∼85 Å, the inner was ∼32 Å. Each subunit con-
sisted of two topologically identical domains, covalently con-
nected through the interdomain connecting loop. The outer
part of the ring or the convex surface was a continuous β-
sheet, connecting the two domains within each subunit, as
well as the subunits to each other. The inner rim was lined
with 12 antiparallel α-helices sprinkled with lysine and argi-
nine residues. 

In the following, the three subunits of the homotrimeric
PCNA molecule are referred to as chains A, B and C, re-
spectively. Of the three ligand binding sites in the crystallised
trimer, one (in the B chain) was obscured by a symmetry re-
lated PCNA molecule, sterically hindering binding as also ob-
served for other PCNA complexes in the solid state ( 51 ,52 ).
The binding site on the A chain contained residual electron
density but not enough to justify modelling. The weakness of
the signal presumably owes to very low occupancy of the lig-
and in the A subunit. However, the ligand could be readily
modelled and refined in the remaining binding site on the C
chain ( Supplementary Figure S2 ). Here, the PIP-degron pep-
tide bound in a similar manner to most other published PCNA
binding SLiMs, but with a peculiar exception. 

Three canonical residues were recognised in the Spd1 PIP-
degron motif: the conserved glutamine (Gln30), Leu33 and the
degron fingerprint, Asp35. The latter protruded from the 3 10 -
helix into the solution as expected (Figure 2 B). The canonical
glutamine, Gln30, laid, as it does in all cases, in the Q-pocket,
where it partook in the only direct intermolecular hydrogen
bond in the structure (Gln30 N 

ε → Ala251 O). The rest of
the interactions were van der Waals’ contacts (Figure 2 C).
The canonical Leu33 was buried in the hydrophobic pock-
ets along with Val36 and Met38. The hydrophobic pockets
usually harbour an aliphatic and two aromatic side chains
(QXX ψ TD ��XXX). The latter two appear six and seven
residues C-terminal to the canonical glutamine. In the present
case, however, that part of the pocket was occupied by a me-
thionine (Met38) positioned eight residues after Gln30. The
eight- rather than seven-residue spacing owes to the insertion
of Gly37, which ensures the positioning of Val36 and Met38
where the canonical aromatic residues are normally found.
So, the binding interface is very similar to those of canoni-
cal binding motifs despite the deviation from the canonical
degron signature ( 53 ). To our knowledge, this is unique to
Spd1. 
The two PCNA-binding motifs of Spd1 bind to and 

exchange rapidly in the same site 

To test whether both motifs in the form of Spd1-derived 

peptides could bind to PCNA in solution, we expressed 

15 N, 13 C, 2 H-labelled PCNA from S. pombe and assigned 

the backbone chemical shifts (Figure 3 A, Supplementary 
Figure S3 ). Subsequently, peptides containing the two SLiMs 
(Spd1 

27–46 and Spd1 

49–68 ) were analysed one by one for their 
ability to bind PCNA in solution. This was done by follow- 
ing the chemical shift perturbations of PCNA as a function 

of peptide concentration. Addition of either peptide resulted 

in the same residues exhibiting chemical shift changes. This 
included residues around Met40, Ile126 and Ala251 (Figure 
3 B), consistent with the residues making up the binding pocket 
(cf. Figure 2 B and C). Although each peptide on its own in- 
duced changes in chemical shifts, these were sometimes in 

the same direction and sometimes in opposite directions (Fig- 
ure 3 C) reflecting the different chemistry of the peptides. No 

peaks from PCNA originating from residues outside the bind- 
ing region or the C-terminus were affected by peptide bind- 
ing. Thus, the two peptides representing the previously de- 
scribed PIP-degron and the newly identified PIP-box, respec- 
tively, both bound to the known PCNA ligand-binding pock- 
ets (Figure 3 C, D). Next, we repeated the titration experiments 
with full-length Spd1 (Figure 3 B). Although limited by the low 

solubility, the chemical shifts represented almost an average 
between the shifts seen when the peptides were added sep- 
arately, and no additional changes were observed. This sug- 
gested that the tandemly positioned motifs interact indepen- 
dently with PCNA, and that they interchange rapidly on a fast 
NMR timescale. 

The affinity of full-length Spd1 and of the individual pep- 
tides for PCNA were then measured by NMR spectroscopy 
under the assumption that the proximity of the PCNA binding 
motifs on Spd1 would result in an avidity effect. The affinities 
for the individual peptides were low, with K d s of 4.0 ± 0.7 and 

3.4 ± 1.1 mM for Spd1 

27–46 and Spd1 

49–68 , respectively (Fig- 
ure 3 D). The magnitude of the chemical shift perturbations 
using full-length Spd1 were similar to those of the peptides,
but at a 10-fold lower concentration. Since a full titration to 

saturation was not possible because of low Spd1 solubility, the 
best we could do was to estimate the K d by comparison of the 
chemical shifts. By this estimate, the K d has a value around 

300 μM (Figure 3 D). Thus, a local concentration effect ( 54 ) 
caused by the proximity of the two PIP SLiMs, contributed 

to the decrease in the apparent K d by an order of magnitude 
rather than a factor of two. 

Implications of binding deficient mutants on 

c hec kpoint activation 

To investigate the role of the individual PIP sites in vivo , we 
initially made three Spd1 variants. One had two hydrophobic- 
to glycine substitutions in the PIP-degron (L33G, V36G; spd1- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae011#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae011#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae011#supplementary-data
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Figure 2. The str uct ure of the PCNA-Spd1 27-46 complex reveals non-canonical binding. ( A ) Ribbon diagram of the homotrimeric PCNA sliding clamp 
showing the position of the PIP-degron peptide (red). The peptide is extended except for residues Leu33 to Val36, which forms a 3 10 -helical turn in the 
bound state. ( B ) Close up of the Spd1 peptide in the PIP binding pockets. The conserved Gln sits in the Q-pocket on the right, where it makes the only 
intermolecular h y drogen bond in the comple x. T he h y drophobic pock et to the left harbours L eu33, Val36 and Met38. ( C ) LigPlot ( 50 ) representation of 
the interactions between the peptide and PCNA, highlighting that, apart from the hydrogen bond in the Q-pocket, all interactions are mediated by van 
der W aals ’ contacts. 
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G1 ), the other two hydrophobic- to glycine substitutions in
he PIP-box (F55G, Y56G; spd1-2G2 ), and the last was a com-
ination of the two ( spd1-4G ), Figure 4 A. We first repeated
he NMR titrations using these three variants and wild-type
pd1 (Figure 4 B). The NMR signals from residues in the mu-
ated binding sites did no longer change upon the addition of
CNA, confirming lack of binding at these conditions. As ex-
ected, no binding to PCNA could be detected for the quadru-
le variant (Figure 4 B). Thus, the NMR data suggested that
he two sites are individually capable of binding to PCNA ir-
espective of the presence of the other and when neither site is
resent, no binding to PCNA can be detected. We next inserted
hese mutations into the authentic spd1 genomic context and
ested their ability to cause a requirement for the Rad3 

ATR 

heckpoint pathway in vivo . When degradation of wild-type
pd1 was repressed by adding thiamine to the cdt2-TR al-
ele, cell survival was compromised by the absence of Rad3 

ATR 

unction at high temperature, as previously reported ( 31 ) (Fig-
re 4 C). Strikingly. the spd1-2G2 mutant partially and the
pd1-2G1 mutant fully suppressed the thiamine-induced cell
eath already at 33 

◦C (Figure 4 C). These observations sug-
ested that both motifs in Spd1 contribute to Spd1 mediated
heckpoint activation, with the PIP-degron being essential for
and the PIP-box having a supporting role in the ability of Spd1
to cause checkpoint activation. 

Since Spd1 accumulation causes a requirement for Rad3 

ATR

even when dNTP levels are ensured by an artificial salvage
pathway ( 31 ), we previously proposed that by binding PCNA,
it may block replication by a mechanism similar to the one re-
ported for the p21 protein ( 31 ). In the next step we therefore
asked if we could restore checkpoint activation by increas-
ing the affinity of the PCNA-Spd1 interaction by introduc-
ing canonicity in the motifs. Two variants were constructed
in which the two canonical phenylalanine residues of the PIP-
box (Y58F;N59F) and PIP-degron (G37F;M38F), respectively
were introduced, giving Spd1-2F2 and Spd1-2F1, Figure 4 A.
Only one of the variants, Spd1-2F2, was soluble in vitro , hint-
ing to one reason for the lack of aromatic residues in the PIP-
degron. NMR experiments titrating 2 H, 13 C, 15 N-PCNA with
the corresponding 2F2-peptide, showed much larger chem-
ical shift changes in PCNA originating from the ring cur-
rent effect but also severe line broadening due to interme-
diate exchange on the NMR time scale, implying a higher
affinity. As we could not follow the peaks for a meaningful
affinity quantification, the affinity for the 2F2-peptide was in-
stead determined by isothermal titration calorimetry (ITC).
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Figure 3. The PIP-degron and PIP-box explore the same binding site on PCNA. (A ) Assigned 1 H, 15 N-HSQC spectrum of 15 N, 13 C, 2 H-labeled S. pombe 
PCNA (see also Fig. S2). ( B ) Chemical shift perturbation of PCNA by the addition of full-length Spd1 (50 μM). The changes in peak position for residues 
with red bars are shown in detail in C). ( C ) Chemical shift perturbations of three representative residues from the three most affected regions of PCNA in 
the presence of either of the two peptides, Spd1 27-46 (blue) or Spd1 49-68 (red) or full-length Spd1 (purple). ( D ) Determination of the dissociation constant, 
K d , from changes in chemical shifts for the Spd1-peptides, Spd1 49-68 including the PIP-box (upper panels) and Spd1 27–46 including the PIP-degron (lower 
panels). 
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This confirmed the much stronger binding to PCNA with a
∼70-fold increase in affinity reaching a K d of 4.4 ± 0.5 μM
(Figure 4 D). Surprisingly, when the variants were expressed
from the spd1 locus in fission yeast, a comparable pheno-
type to the PIP-disrupting glycine mutants was obtained (Fig-
ure 4 C). Although the peptides may not be fully representa-
tive of full-length Spd1, the main binding regions are fully
captured (compare to Figure 4 B), and jointly this suggests
that both decreasing and increasing the affinity to PCNA
can compromise the ability of Spd1 to cause checkpoint
activation. 

To rule out that the compromised ability of the PCNA inter-
acting mutants to activate the Rad3 checkpoint was due to re-
duced Spd1 accumulation, we next did Western blotting (Fig- 
ure 4 E). Both the Spd1-2G1 and Spd1-2G2 proteins were ex- 
pressed at levels comparable to wild type, suggesting that the 
presence of either the PIP-degron or the PIP-box is sufficient 
to maintain normal Spd1 turnover. Consistent with the com- 
plete abolition of CRL4 

cdt2 mediated ubiquitylation of Spd1 at 
PCNA, the Spd1-4G protein, lacking both motifs, was present 
at higher level. Hence, the compromised checkpoint activation 

by these mutants cannot be attributed to insufficient Spd1 pro- 
tein levels. Curiously, the Spd1-2F1 mutant protein appears to 

be less abundant than wild type and the other constructs. This 
may either by due to stronger binding of the degron and hence 
more efficient degradation, or, due to the solubility issues we 
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Figure 4. The PIP-box and the PIP-degron of Spd1 act individually and with balanced affinities. ( A ) Sequences of PIP regions of Spd1 variants. ( B ) NMR 

peak intensity plots of Spd1 WT, Spd1-2G1, Spd1-2G2 and Spd1-4G from titrations with PCNA. Red dots on x-axis indicate signals that disappear. ( C ) 
Serial dilutions of strains with the indicated genotypes spotted on plates either untreated or treated with thiamine and incubated at the indicated 
temperature for three days. All strains also harbour the cdt2-TR and the rad3-TS alleles. ( D ) ITC analysis of PCNA binding to the 2F2 49-68 peptide. ( E ) 
Western Blot of total extracts from growing cells with the indicated genotypes. The spd1 gene was tagged with the VC155-tag in its C-terminal in a 
wild-type background. The blot was probed with anti-GFP and anti-PCNA antibodies. The picture below shows Ponceau staining of the gel. 
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ncountered for this variant in vitro , it may be removed by
lternative degradation pathway(s). 

The interaction between Spd1 and PCNA has previously
een studied in vivo by BiFC ( 29 ,31 ). In this assay, a signal is
nly observed when Spd1 turnover is switched off by inacti-
ation of the CRL4 

Cdt2 ubiquitylation pathway. We therefore
ested the ability of the PCNA-interaction mutants to gener-
te a BiFC signal following repression of Cdt2 (Figure 5 A).
urprisingly, none of the tested mutants, including spd1-4G ,
ppeared to prevent the interaction of Spd1 with PCNA alto-
ether. Recently, we showed that Spd1 harbours a disordered
biquitin binding motif (DisUBM) in its C-terminus involv-
ng the residues 108 EWLKPFD 114 ( 32 ). In fission yeast, PCNA
ecomes mono-ubiquitylated on K164 during unperturbed S
hase, and further poly-ubiquitylated following DNA damage
 55 ). We therefore tested the importance of these K164 modifi-
ations for Spd1 function. However, blocking PCNA ubiquity-
ation by introducing a pcn1-K164R substitution or by inacti-
ating the Rhp18 ubiquitin protein ligase did not compromise
he ability of Spd1 to cause checkpoint activation (Figure 5 C).
n the other hand, taking out the ability of Spd1 to bind ubiq-
itin by mutation ( spd1 

W109G F113G mutant ( spd1-2G3 )), sig-
ificantly reduced Spd1 dependent checkpoint activation (Fig-
re 5 C). Taken together, these observations suggest that ubiq-
itylation indeed appears to be important for Spd1-mediated
heckpoint activation, although the PCNA K164 modifica-
ions seem not important for this. 
In silico analysis of full-length Spd1 binding reveals
formation of compactons 

The two SLiMs are separated by 14 residues and we hypothe-
sised that they take turns in binding the same PCNA subunit,
at least on a short timescale; a scenario termed allovalency
( 56 ). Two other scenarios were considered: one Spd1 would
bind two adjacent PCNA subunits simultaneously, or one of
the PIP SLiMs would bind to one of the PCNA subunits, posi-
tioning the other SLiM close to an adjacent subunit, such that
when the bound SLiM is released, the ligand jumps to the next
PCNA subunit via a local concentration effect. 

To understand and visualize the conformations of Spd1 in
the PCNA bound state, Monte Carlo simulations were per-
formed. Monte Carlo simulations ( 57 ) are an effective tech-
nique to sample the conformations of intrinsically disordered
proteins (or regions) in implicit solvent. Briefly, at each itera-
tion the method suggests a stochastic conformational change
generated by modifying back-bone and side-chain dihedrals
and accepts the new conformation based on the energy change
with respect to the previous conformation. This algorithm
produces an ensemble of conformations sampled from an
equilibrium Boltzmann distribution and can be more efficient
than Molecular Dynamics in producing uncorrelated confor-
mations. We used the ABSINTH implicit solvent model ( 41 )
as implemented in the Campari software ( 42 ). Two different
systems were simulated in which Spd1 was either bound to
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Figure 5. Consequences of PCNA-interaction mutants for in vivo function of Spd1. ( A ) Interaction of Spd1 with PCNA studied by BiFC. All strains harbour 
the cdt2-TR allele. Cells were incubated at 30 ◦C in the presence of thiamine for three hrs prior to photography. ( B ) Localization of GFP-Suc22 in cells of 
the indicated spd1 genotypes. ( C ) Serial dilutions of strains with the indicated genotypes were spotted on plates either with or without thiamine and 
incubated at the indicated temperature for three days. All strains also harbour the cdt2-TR and the rad3-TS alleles. 
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PCNA via the PIP-degron or via the PIP-box motif. The PCNA
structure was fixed except for the eight C-terminal residues,
which belong to a disordered region and somehow are in-
volved in binding. To avoid unbinding of the disordered lig-
and, the Spd1 residues that interact directly with the generic
ligand binding site on PCNA were also kept fixed. We added
ions to neutralize the system and simulated at different NaCl
concentrations. 

The simulations showed a relatively compact C-terminal
part of Spd1 (residues 44–124) in agreement with the R h ex-
tracted in the NMR diffusion experiments. Indeed, these 81
C-terminal residues appeared as two distinct disordered, but
compact regions, which we refer to as ‘compactons’ (Figure 6 ).
There were no secondary structure elements present or deep
local energy minima, but in each compacton, a relatively large
number of aromatic residues (5 and 7, respectively) formed an
unstructured constantly shifting core. Mapping the distances
from the terminus of Spd1 with one motif bound to site C in
PCNA to the other two sites, A and B, revealed distances that
were so long that they would be incompatible with rebinding
of the second motif in an adjacent site (Figure 6 B–D). 

Furthermore, in the PIP-degron-bound state, the PIP-box
(now constituting part of the first compacton) interacted with
the interdomain connecting loop on PCNA in a dynamic man-
ner via several different contacts in a heterogeneous (fuzzy)
interaction (Figure 6 E) ( 58 ,59 ). This weak interaction is sup-
ported by the presence of signals in the NMR spectrum of
PCNA, not disappearing due to slow exchange. The residues 
that mainly participated in interactions with the PCNA in- 
terdomain connecting loop were from the PIP-box motif.
Throughout the simulation, the N-terminal part of the protein 

upstream from the PIP-box, which includes the PIP-degron 

motif, found its way to the middle of the central channel in 

the clamp, where the first 16 N-terminal residues formed a 
small compacton without any direct interactions with PCNA 

(Figure 6 E). This could explain the effect on the chemical shift 
changes in the N-terminal part of Spd1. 

In the PIP-box bound state, the PIP-degron was also found 

inside the channel along with the rest of the N-terminus. (Fig- 
ure 6 F) In this case there were interactions with the positively 
charged inner rim, especially via residues from the PIP-degron 

SLiM. The first C-terminal compacton was disrupted because 
part of it, the PIP-box, was now bound to the hydrophobic 
binding pocket in PCNA. The second compacton remained 

undisturbed during the simulation. We emphasize that the 
simulations did not include DNA. 

The computer simulated structures of both trajectories do 

not exclude allovalency, but of the three scenarios mentioned,
it seems probable that the SLiMs take turn in binding to the 
same subunit. However, the two complexes differ so much in 

the entire Spd1 context that it is tempting to speculate two dif- 
ferent biological roles for the two states rather than providing 
avidity; biological roles that may depend on the presence of 
other factors, e.g. but not restricted to, Suc22 

R2 . 
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Figure 6. In silico analysis of Spd1 binding to PCNA re v eals compacton f ormation and different ensembles depending on the active SLiM. (A ) Schematic 
o v ervie w of the fully disordered, 124 amino acid residues Spd1 protein. ( B ) The probability of finding the PIP-box SLiM at different distances from the 
PIP binding pocket of subunits A (blue line) or B (orange line). ( C ) Schematic representation of the principle plotted in B) and D). ( D ) The probability of 
finding the PIP-degron as a function of distance to the PIP binding pockets on subunits A (blue) and B (orange). ( E ) 100 trajectories of the simulation of 
the PIP-degron bound state superposed with Spd1 in brown, yellow (compacton 1) and red (compacton 2) and PCNA in gray and cyan. The C-terminal 
disordered tail (cyan) from the C-subunit of PCNA interacts with the compactons. The compactons are red and yellow according to A). ( F ) Like E, only 
with Spd1 bound to PCNA via the PIP-box SLiM. The C-terminal compactons (red and yellow according to A)) are more distinct, the PCNA C-terminal tail 
(cyan) interacts exclusively with compacton 1. The N-terminal Spd1 chain covers the central opening in the PCNA toroid. 
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iscussion 

n the present study, we have characterized the interaction
etween Spd1 and PCNA in detail. In addition to the for-
erly identified PIP-degron ( 29 ), we report the existence of
 second PIP-motif—a PIP-box—in Spd1, and we show that
hese two tandemly positioned low affinity sites exchange
apidly on PCNA . When we reduced the affinity of either or
oth sites to PCNA, we compromised the ability of Spd1 to
ause checkpoint activation in vivo , consistent with the in-
eraction with PCNA indeed being important for Spd1 func-
ion. In an effort to restore the checkpoint response, we de-
igned and confirmed higher affinity PCNA binding by intro-
ucing the two canonical aromatic amino acids to both Spd1
IP-SLiMs, one by one. Much to our surprise, these muta-
ions resulted in the same checkpoint-deficient phenotype as
he glycine mutations that abolish binding to PCNA. This re-
ult is inconsistent with the PCNA brake model, as one would
xpect increased checkpoint activation with enhanced bind-
ng. Moreover, the K d for p21 binding to PCNA is at least
hree orders of magnitude lower than that of Spd1 ( 8 ), sug-
 

gesting that Spd1 simply binds PCNA too weakly to block
replication. 

How then does Spd1 binding to PCNA enable checkpoint
activation? The fact that both an increase and a decrease in
the affinity between the two compromises checkpoint activa-
tion suggests that there exists a fine-tuned balance of affinities
and molar concentrations of Spd1 and its ligands, PCNA and
Suc22 

R2 . Indeed, both sites are conserved, both in the homo-
logues Spd2 and in other Sc hizosacc haromyces species ( 24 ).
Disturbing that balance by tampering with optimized coupled
affinities hinders proper checkpoint activation. Either increas-
ing or decreasing the affinity between Spd1 and PCNA, or
overexpressing Suc22 

R2 can accomplish this ( 58 ). 
When studying variants incapable of binding to PCNA

with either one or both SLiMs compromised, we found that
both sites are important for function, but that the double
glycine mutant in the PIP-degron motif had a more severe
effect ( Supplementary Figure S4 ). Importantly, although the
Suc22 

R2 binding site on Spd1 is not known in molecular de-
tails, triple-alanine mutations along the entire sequence of
Spd1 pinpointed it to the HUG-domain region comprising

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae011#supplementary-data
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residues Q30-Y63 ( 25 ), a region also encompassing the PIP-
degron. We therefore propose that the more severe biological
consequence of knocking out the PIP-degron relative to the
PIP-box is due to the overlap of the former with the binding
site for Suc22 

R2 . The PIP-degron mutant probably not only
loses its ability to bind PCNA, but also compromises inter-
action with Suc22 

R2 . This is supported by our observation
that the spd1-2G1 and spd1-2F1 mutants both abolish Spd1-
mediated nuclear localization of Suc22 

R2 (Figure 5 B). Further,
we note that the insertion of the glycine in the PIP-degron
(G37), disrupts its canonicity, but is important for RNR bind-
ing, as, when mutated, it results in loss of ability to restrain
RNR activity ( 25 ). Thus, we speculate this glycine to be key
to RNR interaction, compromising the canonicity of the PIP-
degron. 

Monte Carlo simulations of the two PCNA-Spd1 com-
plexes, bound either via the PIP-box or via the PIP-degron,
revealed two very different structural ensembles. In the PIP-
degron complex, the PIP-box SLiM is close to the PCNA bind-
ing pocket, whereas the PIP-degron is far from the binding
pocket when the PIP-box is bound. Studying the 2G1 and 2G2
variants of Spd1 in complex with PCNA using small-angle X-
ray scattering (SAXS) may reveal molecular insights into the
properties of the two different ensembles. 

Why then are two PIP motifs needed in Spd1 and why the
weak affinities? Of the tandemly positioned SLIMs, the com-
posite SLiM involving both the PIP-degron and the so-far un-
defined Suc22 

R2 binding motif may have compromised PCNA
binding to an extent that has led to the evolution of a second
SLiM, which jointly achieve the required affinity. They are sep-
arated by 13 residues, which made us hypothesise an avidity
effect, meaning that even if the affinity is low for either site,
the proximity raises the effective concentration ( 54 ), increas-
ing the apparent affinity. This is observed to some extent. The
affinity for the individual PIP SLiMs are low (both around
3 mM), whereas the affinity for the full-length Spd1 protein
is ∼300 μM, a 10-fold decrease in K d . Since the flanking re-
gions have been shown to participate in disordered binding to
PCNA ( 8 ), some of the effect must be attributed to this. On
this background, the avidity effect seems modest. However,
both Spd1 and PCNA may be targets for post-translational
modifications like phosphorylation and ubiquitylations, as de-
scribed for PCNA ( 59 ,60 ). Using recombinant proteins as in
the NMR experiments presented here, does not capture affin-
ity tuning by posttranslational modifications. The fact that
the spd1-4G mutant still show some degree of interaction
with PCNA in our BiFC assay, suggests that in vivo modifica-
tions also contribute to the interaction. Our observation that
the spd1 

W109G F113G mutant—defective in ubiquitin binding—
is partially defective in checkpoint activation suggests that
protein-ubiquitylation somehow plays a role in the process. 

The observations reported here make it tempting to specu-
late that the two sites have different biological roles, as in the
case of human Pol η mentioned in the introduction. Recently,
structures of the PCNA-bound Pol δ were published, reveal-
ing the presence of two PIP-boxes called iPIP and cPIP ( 61 ).
cPIP is capable of binding PCNA as well as a primase. In the
active complex, iPIP binds PCNA and cPIP binds the primase.
Thus, it is possible that the PIP-box of Spd1 may bind a yet
unknown target. One of the observations made in the simu-
lations, and by NMR, is the low solubility and the presence
of compact states of Spd1 and the presence of compactons in-
volving many aromatic residues, two of which are part of the
PIP-box. This large degree of self-interaction may be related to 

a property of Spd1 to form higher order structures as seen for 
many multivalent proteins and IDPs in the formation of con- 
densates, leading to phase separation ( 62 ,63 ). This has not yet 
been reported for Spd1, or for any of the orthologs in S. cere- 
visiae (Sml1, Dif1, Hug1), but one may speculate that such 

higher order dynamic structures will be of relevance to the 
regulation of both PCNA and Suc22 

R2 and for activating the 
checkpoint. If this is the case, then increasing the number of 
aromatic residues in Spd1 as with the restored canonical PIP- 
variants (Spd1-2F1 and Spd1-2F2) may lower the saturation 

concentration to form condensates. This could be a clue to 

the reason for the absence of the canonical aromatic residues 
and may also explain the low affinity, which will increase in 

the high concentrations within the condensates. These specu- 
lations remain to be addressed. 

The observations presented here point to a delicate system 

competing for ligands at the hub; a game of affinities and a 
balance of concentrations, but also suggesting that binding 
kinetics ( k off / k on ), post translational modifications and con- 
text contribute substantially. PCNA binds numerous factors 
from polymerases to DNA methyl transferases. The exchange 
of these factors depends on high specificity and relatively low 

affinity, as in the case of Spd1, but also on availability ( 64 ).
This ensures the establishment of a system, which at the same 
time is hyper complex, dynamic and precise, but highly prone 
to fast regulation. We suggest that low-affinity PCNA binding 
ligands with composite PCNA-binding SLiMs are relevant in 

many other PCNA-binding ligands that so far have gone un- 
der the PIP-box radar, because they are invisible to current 
sequence analysis. 

Data availability 

The assignments of S. pombe PCNA have been deposited 

in the BMRB data bank under the accession code 51437.
The coordinates and structure factors for the crystal struc- 
ture of the complex of S. pombe PCNA and Spd1 

27–46 are 
deposited in the PDB under the accession code 6QH1. All 
input files for the MC simulations can be downloaded from 

https:// github.com/ rcrehuet/ spd1 _ PCNA and https://doi.org/ 
10.5281/zenodo.10450400 . 
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Supplementary Data are available at NAR Online. 
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