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Summary

Many proteins responsible for genome maintenance interact with one another via short sequence 

motifs. The best known of these are PIP motifs, which mediate interactions with the replication 

protein PCNA. Others include RIR motifs, which bind the translesion synthesis protein Rev1, and 

MIP motifs, which bind the mismatch repair protein Mlh1. Although these motifs have similar 

consensus sequences, they have traditionally been viewed as separate motifs, each with their own 

target protein. In this article, we review several recent studies that challenge this view. Taken 

together, they imply that these different motifs are not distinct entities. Instead, there is a single, 

broader class of motifs, which we call ‘PIP-like’ motifs, which have overlapping specificities and 

are capable of binding multiple target proteins. Given this, we must reassess the role of these 

motifs in forming the network of interacting proteins responsible for genome maintenance.
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Introduction

A large network of interacting proteins is responsible for genome maintenance. These 

proteins replicate DNA with high fidelity and repair damaged DNA through a variety of 

pathways (base excision repair, nucleotide excision repair, mismatch repair, etc.). Several 

proteins are hubs in this network and interact with many other factors participating in these 

processes. Proliferating cell nuclear antigen (PCNA), for example, is a global hub protein, 

which physically interacts with nearly one hundred proteins that are mostly involved in DNA 

replication and multiple DNA repair pathways [1–7]. Rev1, by contrast, is a local hub 

protein, which interacts with a dozen or so proteins that are primarily involved in the bypass 

of damage DNA during DNA replication [8–11]. Similarly, Mlh1 is a local hub protein, 

which interacts with approximately twenty proteins that are mainly involved in mismatch 

repair [12–15].
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Many of the proteins that interact with these hubs do so via loosely conserved sequence 

motifs. The best known of these is the PCNA-interacting protein (PIP) motif, which is also 

known as a PIP box [1, 2, 16–18]. Others include the Rev1-interacting region (RIR) motif 

[9, 19, 20] and the Mlh1-interacting protein (MIP) motif [21–23]. These motifs all have 

similar consensus sequences that prominently feature two, adjacent aromatic residues 

(tyrosine or phenylalanine). Moreover, these motifs are usually located in intrinsically 

disordered regions of the proteins. Despite these obvious similarities, these different types of 

motifs have traditionally been considered to be distinct entities, each specific for binding a 

unique target hub protein. For example, PIP motifs are generally thought to be a narrow 

class of sequences whose sole function is to mediate interactions with PCNA. Similarly, RIR 

motifs and MIP motifs are generally thought to mediate interactions with only Rev1 and 

Mlh1, respectively.

Recently, a far more interesting picture has emerged from a number of studies by different 

research groups [24–26]. When taken in isolation these findings do not necessarily challenge 

the existing paradigm. When viewed together, however, they force us to re-think the nature 

of these motifs and the types of protein-protein interactions in which the proteins possessing 

them engage. In this article, we will review these recent studies and put forth this alternative 

picture. Specifically, we will argue that PIP motifs, RIR motifs, and MIP motifs do not 

represent distinct entities. Instead, there is a single, broad, loosely defined class of motifs 

(which we call ‘PIP-like’ motifs) that mediate interactions with multiple proteins involved in 

genome maintenance. This has important, practical implications regarding how the network 

of interacting proteins responsible for genome maintenance forms and functions.

PIP motifs bind PCNA

PCNA is an essential replication accessory protein that is perhaps most widely known for its 

role as the processivity factor for replicative DNA polymerases [3, 5–7]. It is a ring-shaped 

homotrimer that encircles and moves along double-stranded DNA [27]. In so doing, it acts 

as a sliding clamp that locks the replicative polymerases on their DNA substrates. PCNA, 

however, does far more than this. It also regulates the access of a wide range of enzymes 

involved in DNA replication, repair, and recombination to the DNA substrate and enhances 

their catalytic activities. For this reason, PCNA has been called the “maestro of the 

replication fork” [3].

Many of the proteins that bind PCNA do so through partially conserved PIP motifs (Table 1) 

[1, 2, 16–18]. The consensus sequence for this eight-residue motif is a glutamine in position 

1, a hydrophobic residue (usually leucine, isoleucine, or methionine) in position 4, and 

aromatic residues (phenylalanine or tyrosine) in positions 7 and 8. PIP motifs bind to the 

front face of the PCNA ring in a cleft between the two PCNA domains (Fig. 1A). Moreover, 

secondary contacts between PCNA and residues flanking the PIP motif often confer 

additional binding affinity.

The first X-ray crystal structure of PCNA bound to a consensus PIP motif was with the PIP 

motif from the cell-cycle checkpoint protein p21 (Fig. 1B) [28]. This structure clearly 

revealed how PCNA recognizes consensus PIP motifs. The consensus glutamine in position 
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1 binds in a small pocket on the front face of the PCNA ring called the “Q pocket”. Residues 

in positions 4 through 8 form a short 310 helix in which the consensus methionine in position 

4, the consensus phenylalanine residue in position 7, and the consensus tyrosine in position 

8 insert into a large hydrophobic pocket on the front of PCNA called the “three-forked plug” 

because of its resemblance to an electrical outlet. In addition, residues flanking the PIP motif 

on its C-terminal side form an extended anti-parallel β sheet with residues of the extended 

interdomain connector loop of PCNA.

Recently X-ray crystal structures of PCNA bound to several non-consensus PIP motifs have 

been determined [29, 30]. These structures show how PCNA accommodates PIP motifs that 

diverge from the consensus sequence. For example, the non-classical DNA polymerase eta 

(pol η) possesses a PIP motif that lacks a glutamine in position 1 [29]. The non-consensus 

methionine at this position is still accommodated in the Q pocket on the front of PCNA. 

Likewise, positions 4 through 8 still retain the typical 310 helix and the consensus residues in 

positions 4, 7, and 8 still insert into the three-forked plug (Fig. 1C). By contrast, the non-

classical polymerase iota (pol ι) possesses a PIP motif that lacks a glutamine in position 1 

and an aromatic residue in position 8 [29]. The non-consensus arginine in position 1 does 

not bind in the Q pocket. Moreover, the PIP motif does not adopt a 310 helix but instead 

forms a β-bend-like structure that allows the consensus isoleucine and tyrosine residues at 

positions 4 and 7 and the non-consensus leucine in position 8 to insert into the three-forked 

plug (Fig. 1D).

The most extreme example of a non-consensus PIP motif whose structure has been 

determined is that of the anti-recombinogenic helicase Srs2 [30]. It lacks the two consensus 

aromatic residues in positions 7 and 8. The consensus glutamine in position 1 binds in the Q 

pocket. However, instead of forming a 310 helix, the residues spanning position 4 through 8 

form a α-helix. This allows the consensus isoleucine at position 4 and the non-consensus 

glutamine and leucine residues at positions 7 and 8 to insert into the three-forked plug (Fig. 

1E). Taken together, these structural studies show that PCNA can bind a wide range of PIP 

motifs that diverge significantly from the consensus sequence. This implies that identifying 

PIP motifs from sequence analysis alone is highly problematic.

RIR motifs bind Rev1

Rev1 is a protein that is best known for its role in translesion synthesis, a pathway for 

bypassing damaged DNA during DNA replication [8, 11, 31–36]. It has two distinct 

functions in translesion synthesis. First, it is a non-classical DNA polymerase that catalyzes 

the incorporation of nucleotides opposite abasic sites and several types of damaged guanines 

[8, 37]. Second, it is a scaffold that recruits other non-classical DNA polymerases, such as 

the aforementioned pol η and pol ι, to sites of DNA damage thereby allowing them to 

catalyze nucleotide incorporation opposite the damage [8, 9, 11, 38]. Recent evidence points 

to further roles of Rev1 in template switching [26], which is another pathway for bypassing 

DNA damage, and several DNA repair pathways, including base excision repair and 

interstrand crosslink repair [39].
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Many proteins that interact with Rev1 – including mammalian non-classical polymerases, 

the mammalian base excision repair protein XRCC1, the yeast template switching protein 

Rad5, and mammalian classical DNA polymerase delta (pol δ) – do so through partially 

conserved RIR motifs, which have a consensus sequence resembling that of PIP motifs 

(Table 1) [9, 10, 19, 26, 39–41]. The consensus sequence for this six-residue motif is 

phenylalanine residues in positions 1 and 2 and any amino acid residue except for proline in 

the remaining four positions. These RIR motifs bind to a four-helix bundle at the extreme C-

terminus of Rev1 called the Rev1 C-terminal domain (CTD).

One of the first structures of the Rev1 CTD bound to a RIR motif involved the RIR motif 

from human pol η (Fig. 2) [20]. This structure showed how the Rev1 CTD recognizes RIR 

motifs. The phenylalanine residues in positions 1 and 2 of the RIR motif insert in a 

hydrophobic pocket on the Rev1 CTD. The specificity of this interaction appears to come 

primarily from these two phenylalanine residues. This suggests that many motifs with two 

adjacent phenylalanine residues (or even tyrosine residues), including some PIP motifs and 

MIP motifs, may be capable of binding the Rev1 CTD.

MIP motifs bind Mlh1

Mlh1 is a protein best known for its role in mismatch repair, a pathway for correcting errors 

made by DNA polymerases during DNA replication [12–15]. It also participates in crossing 

over during meiosis [42] and may play a role in base excision repair [21]. In mismatch repair 

in yeast, Mlh1 forms a heterodimer with Pms1 called MutLα. This dimer is believed to act 

as a scaffold that links the proteins that recognize the mismatches in the DNA with the 

proteins that carry out the subsequent steps of mismatch repair.

Mlh1 interacts with the exonuclease Exo1 and the DNA glycosylase Ntg2, both of which 

contain conserved MIP motifs (Table 1) [21–23]. The consensus sequence for this five-

residue motif is an arginine or lysine in position 1, a serine in position 2, a lysine in position 

3, an aromatic residue (phenylalanine or tyrosine) is position 4, and a phenylalanine is 

position 5. MIP motifs interact with the C-terminal region of Mlh1. In addition, secondary 

contacts between Mlh1 and residues flanking the MIP motif increase binding affinity. These 

are analogous to the secondary contacts observed between PIP motifs and PCNA.

X-ray crystal structures of Mlh1 bound to MIP motifs from Exo1 and Ntg2 show that the 

MIP peptides adopt an ST turn, a secondary structural element in which the side chain of the 

serine in position 2 forms a hydrogen bond with the main chain amine group of the residue 

in position 4 (Fig. 3) [23]. Residues in the MIP motif important for Mlh1 binding include the 

serine in position 2 and the adjacent aromatic residues in positions 4 and 5. These latter 

residues bind in a hydrophobic pocket similar to the mode of binding observed with PCNA 

and PIP motifs and with Rev1 and RIR motifs. Again, this suggests that other motifs with 

two adjacent aromatic residues, including some PIP motifs and RIR motifs, may be capable 

of binding to Mlh1.
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Recent studies challenge the traditional paradigm

In this article, we have described the traditional paradigm regarding PIP-like motifs – that 

there are (so far) three distinct classes of motifs, each specific for a different target protein. 

PIP motifs mediate interactions with PCNA, RIR motifs mediate interactions with Rev1, and 

MIP motifs mediate interactions with Mlh1. These motifs have consensus sequences that 

involve two adjacent aromatic residues, and structural studies show that these aromatic 

residues facilitate the interactions with target proteins by binding within hydrophobic 

pockets.

Several recent studies have challenged this paradigm by showing that some of these motifs 

are specific for more than one target protein. The first such study identified a novel 

interaction between human non-classical polymerases pol η and a non-catalytic subunit of 

classical pol δ [24]. Pol δ is responsible for lagging strand replication and participates in 

several DNA repair pathways [43, 44]. In humans, it consists of four subunits: POLD1, 

POLD2, POLD3, and POLD4. The POLD1 subunit is the catalytic subunit, and the POLD2 

subunit is a scaffold onto which the other subunits of pol δ are assembled [24].

This study showed that pol η binds the POLD2 subunit of pol δ [24]. Moreover, this 

interaction is mediated by two adjacent phenylalanine residues in a motif that the authors of 

this study called an F1 motif (Table 1). Their main conclusion is that pol η possesses an F1 

motif, a new PIP-like motif that mediates interactions with pol δ. It is surprising, however, 

that the authors did not note that this F1 motif is one of the two previously identified RIR 

motifs of pol η [9]. To our knowledge, this is the first instance of any PIP-like motif – in this 

case an RIR motif – mediating interactions with multiple target proteins – in this case Rev1 

and pol δ. This was the first hint that the different classes of PIP-like motifs may not be 

distinct entities.

A second study poses an even more serious challenge to the traditional paradigm [25]. As 

described above, mammalian non-classical polymerases such as pol η, pol ι, and pol κ all 

possess both PIP motifs, which are believed to mediate their interactions with PCNA, and 

RIR motifs, which are thought to mediate their interactions with Rev1 [9]. Yeast pol η, by 

contrast, possesses only a single PIP motif, which is believed to mediate its interaction with 

PCNA [45]. Yeast pol η was known to interact with Rev1 [46], but the structural basis of this 

interaction was not known, as yeast pol η was not thought to posses a RIR motif.

This study surprisingly showed that the PIP motif of yeast pol η mediates the interaction 

with both PCNA and Rev1 [25]. In fact, the PIP motif binds the Rev1 CTD with greater 

affinity than it binds PCNA. Moreover, it binds the Rev1 CTD in the same hydrophobic 

pocket as RIR motifs do. In other words, this PIP motif is in reality both a PIP motif and a 

RIR motif. This is the first example of a canonical PIP motif interacting with a target protein 

other than PCNA. This same study also showed that some of the PIP and RIR motifs in the 

mammalian non-classical polymerases also have overlapping binding specificities [25]. The 

RIR motif of pol κ, for example, binds both the Rev1 CTD and PCNA with similar 

affinities.
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Even more recently, an X-ray crystal structure of the complex between the yeast Rev1 CTD 

and a newly discovered RIR motif from the template switching protein Rad5 was determined 

[26]. This particular RIR motif is nearly a consensus PIP motif (Table 1). Thus, it is likely 

that the RIR motif of Rad5 also mediates its interactions with PCNA, although this has yet 

to be experimentally tested. Taken together, these studies demonstrate that the lines between 

PIP motifs, RIR motifs, and F1 motifs are blurred and it is very likely that these classes of 

motifs do not represent distinct entities.

A new paradigm emerges

In the previous section, we reviewed some recent studies showing that several PIP-like 

motifs are specific for more than one target protein. For example, the RIR motif of human 

pol η interacts with both Rev1 and pol δ [24]. Similarly, the PIP motif of yeast pol η 
interacts with both PCNA and Rev1 [25]. These findings show that PIP motifs, RIR motifs, 

and F1 motifs have partially overlapping specificities and the lines separating these motifs 

have become blurred.

The structural basis of the interactions between these PIP-like motifs and their target 

proteins likewise calls into question the rigid distinctions between these motifs. Structures of 

PCNA bound to PIP motifs show that sequences diverging from the PIP consensus sequence 

can still bind PCNA with high affinity [29, 30]. Structures of Rev1 bound to RIR motifs 

show that the specificity comes largely from the two aromatic residues of the RIR motif [20, 

40]. Thus, one expects that many PIP-like sequences from any of these classes would bind 

both PCNA and Rev1.

Given the very recent studies showing overlapping specificities of different types of PIP-like 

motifs and given the way divergent sequences can bind multiple target proteins, a new 

paradigm is emerging. In this new view, PIP motifs, RIR motifs, MIP motifs, and F1 motifs 

do not represent distinct entities. Instead, there is a single, broader class of motif, which we 

suggest be called PIP-like motifs, that subsumes these previous classes. Some individual 

PIP-like motifs may be specific for only one target protein, while others are likely specific 

for multiple target proteins.

Several important points need to be made regarding this shift in paradigm. First, one should 

not rely on consensus sequences alone when ascribing a function to a particular PIP-like 

motif. Instead, experimental verification of target protein binding will be necessary for 

determining the specificity and function of any given motif. Second, a careful experimental 

study of the specificity determinants of PIP-like motifs needs to be undertaken to ascertain if 

there is a set of rules that can allow one to better predict target protein specificity. For 

example, does the glutamine in position 1 of consensus PIP motifs provide greater 

specificity for binding PCNA? Can non-consensus PIP motifs lacking aromatic residues in 

positions 7 or 8 bind other target proteins? Lastly, it is important to consider other potential 

target proteins of PIP-like motifs. It is very likely that other target proteins exist beyond 

PCNA, Rev1, Mlh1, and pol δ.
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Conclusions and outlook

PCNA, Rev1, Mlh1, pol δ, and other proteins are hubs in the large network of interacting 

proteins responsible for genome maintenance. Many proteins interact with these hubs via 

short sequence motifs such as PIP motifs, RIR motifs, MIP motifs, and F1 motifs. The 

traditional paradigm is that these motifs are distinct entities, each specific for binding a 

single target protein. Recent studies have made it clear that the distinctions between them are 

no longer useful and ought to be abandoned. In fact, preserving the notion of these separate 

classes of motifs may be misleading and counter-productive.

We believe that abandoning them in favor of the more general class of PIP-like motifs will 

benefit the field in several important ways. First, it will open the door to new hypotheses 

regarding how various proteins fit together in this network. This includes considering other 

potential target proteins of PIP-like motifs beyond the hub proteins described above. Second, 

it will emphasize the need to experimentally examine the specificity and function of any 

individual PIP-like motif more fully.

What we are left with after rejecting the traditional paradigm is a much more interesting and 

nuanced picture of the network of interacting proteins necessary for genome maintenance. 

Hundreds of PIP-like motifs, each with specificity for one or more target hub proteins, hold 

this network together in more ways than previously considered. Much work remains as we 

reassess the role of these motifs in forming this network. Ultimately, these future studies will 

lead to a deeper understanding of the fundamental mechanisms by which genome stability is 

maintained.

Finally, it should be noted that the structural basis for these interactions are quite simple in 

nature. They are essentially aromatic residues inserting into hydrophobic pockets on target 

proteins. Given this, one wonders whether these types of interactions might also occur 

between proteins beyond those necessary for genome maintenance. It is possible, perhaps 

even likely, that PIP-like motifs play key roles in mediating protein-protein interactions and 

organizing networks of interacting proteins necessary to carry out a much wider range of 

biological functions.
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Abbreviations

BRCT BRCA1 C-terminal

CTD C-terminal domain

MIP Mlh1-interacting protein

PCNA proliferating cell nuclear antigen
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PIP PCNA-interacting protein

pol δ DNA polymerase delta

pol η DNA polymerase eta

pol ι DNA polymerase iota

pol κ DNA polymerase kappa

RIR Rev1-interacting region
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Figure 1. 
Structures of PCNA bound to PIP motifs. (A) An overview of the structure of human PCNA 

bound to peptides containing the PIP motif of p21 (PDB ID: 1AXC) is shown [28]. The 

three PCNA subunits are depicted in the surface representation (light blue, yellow, and pink). 

The PIP motif is depicted in the stick representation (with carbon, nitrogen, oxygen, and 

sulfur atoms colored green, blue, red, and yellow, respectively). (B) A close up view of 

human PCNA bound to the p21 PIP motif is shown [28]. The side chains of residues in 

positions 1, 4, 7, and 8 are indicated. (C) A close up view of human PCNA bound to the pol 

η PIP motif (PDB ID: 2ZVK) is shown [29]. (D) A close up view of human PCNA bound to 

the pol ι PIP motif (PDB ID: 2ZVM) is shown [29]. (E) A close up view of yeast PCNA 

bound to the Srs2 PIP motif (PDB ID: SV62) is shown [30].
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Figure 2. 
Structure of Rev1 bound to a RIR motif. The structure of the CTD of human Rev1 bound to 

a peptide containing the RIR motif of pol η (PDB ID: 2LSK) is shown [20]. The human 

Rev1 CTD is depicted in the surface representation (light blue). The peptide containing the 

RIR motif of human pol η is depicted in the stick representation (with carbon, nitrogen, and 

oxygen atoms colored green, blue, and red, respectively). The side chains of residues in 

positions 1 and 2 are indicated.
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Figure 3. 
Structure of Mlh1 bound to a MIP motif. (A) An overview of the structure of the CTD of 

yeast MutLα bound to a peptide containing the MIP motif of Ntg2 (PDB ID: 4FMN) is 

shown [23]. The Mlh1 and Pms1 subunits are depicted in the surface representation (light 

blue and pink, respectively). The peptide containing the MIP motif of Ntg2 is depicted in the 

stick representation (with carbon, nitrogen, and oxygen atoms colored green, blue, and red, 

respectively). The side chains of residues in positions 2, 4, and 5 and the hydrogen bond 

between the serine at position 2 and the backbone at position 4 are indicated.
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Table 1

PIP-like motifs.

Protein Organism Residues Sequence

PIP motifs

p21 Human 144–151 QTSMTDFY

pol η Human 701–708 MQTLESFF

pol ι Human 421–428 KGLIDYYL

Srs2 Yeast 1149–1156 QMDIFSQL

RIR motifs

pol η Human 531–536 FFKQKS

pol ι Human 546–551 FFSKKQ

Rad5 Yeast 12–17 FFNDDL

MIP motifs

Exo1 Yeast 444–448 RSKFF

Ntg2 Yeast 23–27 RSKYF

F1 motifs

pol η Human 481–486 ESFFQK
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