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Abstract: PDZ domains most commonly bind the C-terminus of their protein targets. Typically the
C-terminal four residues of the protein target are considered as the binding motif, particularly the

C-terminal residue (P0) and third-last residue (P-2) that form the major contacts with the PDZ

domain’s ‘‘binding groove’’. We solved crystal structures of seven human PDZ domains, including
five of the seven PDLIM family members. The structures of GRASP, PDLIM2, PDLIM5, and PDLIM7

show a binding mode with only the C-terminal P0 residue bound in the binding groove.

Importantly, in some cases, the P-2 residue formed interactions outside of the binding groove,
providing insight into the influence of residues remote from the binding groove on selectivity. In

the GRASP structure, we observed both canonical and noncanonical binding in the two molecules

present in the asymmetric unit making a direct comparison of these binding modes possible. In
addition, structures of the PDZ domains from PDLIM1 and PDLIM4 also presented here allow

comparison with canonical binding for the PDLIM PDZ domain family. Although influenced by

crystal packing arrangements, the structures nevertheless show that changes in the positions of
PDZ domain side-chains and the aB helix allow noncanonical binding interactions. These

interactions may be indicative of intermediate states between unbound and fully bound PDZ

domain and target protein. The noncanonical ‘‘perpendicular" binding observed potentially
represents the general form of a kinetic intermediate. Comparison with canonical binding suggests

that the rearrangement during binding involves both the PDZ domain and its ligand.
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Introduction
The main mode of action of PDZ domains is binding

of protein C-termini to assemble protein–protein

complexes. PDZ domains show a varied selectivity

for up to seven C-terminal residues.1,2 The canonical

binding mode involves the C-terminus of the protein

target binding to the PDZ domain in a shallow

groove, with the side-chains of the C-terminal resi-

due (P0) and third-last residue (P-2) pointing toward

the groove and being the most significant for recog-

nition of the protein target by the PDZ domain.3

Various classification schemes have been devised to

aid in the prediction of target protein identity based

on the sequence of PDZ domains. For example, in

the classical ‘‘Class I" mode, where P0 is a hydropho-

bic residue and P-2 is a serine or threonine, the

hydroxyl side-chain of P-2 binds to a histidine

located as the first residue on helix aB (aB1) of the

PDZ domain, and the presence of a histidine in the
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conserved aB1 position is an indicator of a prefer-

ence for serine or threonine at P-2 of a target pro-

tein. The classification schemes all assume a canoni-

cal binding, however, systematic mutation of the

ERBB2IP-1 PDZ domain showed that residues not

immediately adjacent to the binding groove influence

the selectivity.1 Furthermore, kinetic analysis of the

second PDZ domain of PTP-BL showed evidence for

two stages in the binding mechanism, with initial

formation of a weaker complex followed by a confor-

mational change to a lower-energy state4,5; the na-

ture of the identified intermediate was unknown.

Although most PDZ domains bind their target

sequences in the canonical manner, exceptions to

this pattern have been observed. The examples of

PDZ domains binding internal peptide sequences are

obvious exceptions,6,7 but there are also exceptions

to the canonical binding arrangement when binding

protein C-termini. For instance, the recent structure

of Dvl2 PDZ domain in complex with a noncanonical

C-terminal sequence (WKWYGWF) revealed a con-

formation of the glycine residue at P(-2), which

allowed the P(-3) tyrosine residue to occupy the

binding position occupied by a P(-2) residue in the

canonical arrangement.8

We have previously shown that addition of

appropriate C-terminal extensions to constructs of

PDZ domains greatly assists in the formation

of PDZ domain crystals, with each PDZ domain

binding the C-terminus of a crystallographically ad-

jacent molecule.9 The C-terminal extensions can be

chosen either based on the sequence of a known

binding target of the PDZ domain or based on a

likely target sequence according to the class of the

PDZ domain. This produces crystal structures of

PDZ domains self-bound to their own C-termini

and allows analysis of the binding for that PDZ do-

main—C-terminus interaction. Here we have

applied this technique to the GRASP (Tamalin)

PDZ domain, the PDLIM PDZ domains, and the

MAST4 PDZ domain.

The primary function of GRASP is to link recep-

tors such as mGluR1 and mGluR5 to neuronal pro-

teins.10 The structure of GRASP PDZ domain from

Rattus norvegicus was previously determined by

Sugi et al. in three different forms: The PDZ domain

alone, with C-terminal extensions representing the

C-termini of GRASP itself, and of mGluR5.11 Inter-

estingly, in their structure with the C-terminus of

GRASP (‘‘auto-inhibited" structure) two of the four

molecules in the asymmetric unit displayed an un-

usual ‘‘perpendicular,’’ noncanonical, mode of binding

in which only the C-terminal P0 residue was bound

in the binding groove. This binding arrangement

resembled that observed by NMR for the auto-inhib-

ited X11/Mint PDZ domain protein.12 We determined

a crystal structure of human GRASP (97% identical

over the PDZ domain) simultaneously with the pub-

lication by Sugi et al. Our structure, which also

shows noncanonical binding, is presented here.

There are seven human PDLIM proteins pos-

sessing an N-terminal PDZ domain and at least one

C-terminal LIM domain. PDLIM1 (also known as

CLP-36), PDLIM2 (Mystique), PDLIM3 (ALP), and

PDLIM4 (RIL) each have a single C-terminal LIM

domain, whereas PDLIM5 (Enigma homologue),

PDLIM6 (Cypher), and PDLIM7 (Enigma) each have

three C-terminal LIM domains. PDLIM1, 2, 3, 4,

and 6 all bind a-actinin via their PDZ domain and

are involved with recruitment of LIM-binding pro-

teins to the cytoskeleton.13–18 PDLIM7 is known to

bind b-tropomyosin via its PDZ domain and, there-

fore, also acts to direct LIM-binding proteins to the

cytoskeleton.19 A similar association has not yet

been observed for PDLIM5, which is, however, of in-

terest due to its potential as a susceptibility gene for

schizophrenia.20

The NMR structures of the apo PDZ domains

from human PDLIM4 [RIKEN structural genomics

initiative (RSGI)] and PDLIM621 have been solved

previously, as well as the NMR structures of mouse

PDLIM3 (94% sequence identity to human PDLIM3

over the PDZ domain) and PDLIM6 (100% identical)

also from RSGI (PDB IDs 1EEG, 1RGW, 1V5L,

1WJL, respectively). This work completes the

structural coverage of this family, presenting the

X-ray crystal structures of the PDZ domains from

human PDLIM1, 2, 4, 5, and 7, three of which dis-

play noncanonical binding. Finally, we present the

structure of the MAST4 PDZ domain, which shows

binding flexibility relevant to a discussion of nonca-

nonical binding, and discuss the implications of non-

canonical binding for a two-state kinetic binding

mechanism.

Results

Construct design, protein purification, and
crystallization

Multiple constructs were designed for each of the

target PDZ domains according to the methodology

we described previously, in which each construct had

a different number of residues between the PDZ do-

main and the self-binding C-terminal extension, for

multiple attempts at obtaining crystals.9 Protein

was over-expressed in Escherichia coli from these

constructs, and purified using standard methods.

For each target PDZ domain, the constructs rep-

resented a range of different extension lengths and

different C-terminal extensions, and protein from

more than one construct of each target was put

into crystallization, but not all of the constructs

generated crystals. Crystals of one construct were

followed through until structure determination,

as detailed in Table I. In the case of PDLIM7, the
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construct contained the same C-terminus (ITSL) as

b-tropomysin, its known binding partner.19

All of the structures were determined by molec-

ular replacement starting with models of previously

determined PDZ domains, followed by alteration to

the correct sequence and addition of coordinates for

missing atoms including the C-terminal extensions

and solvent molecules where appropriate.

Description of structures

The structures revealed each PDZ domain in the

standard conformation of five beta-strands and two

alpha-helices. In the structures of the GRASP and

MAST4 PDZ domains, each asymmetric unit con-

tained two molecules, with root mean square (r.m.s.)

deviations between the two molecules of 0.67 Å for

GRASP and 0.84 Å for MAST4, over 80 and 84 Ca
atoms, respectively. The structures of PDLIM2,

PDLIM4, PDLIM5, and PDLIM7 had r.m.s. devia-

tions to PDLIM1 of between 0.5 and 0.8 Å (the

sequence identities to PDLIM1 over the PDZ domain

are between 43% and 71%). These structures collec-

tively show two kinds of binding: Either the canoni-

cal binding for a class I PDZ domain or in the case

of PDLIM2, PDLIM5, PDLIM7, and one chain of

GRASP, a ‘‘perpendicular" mode of binding. These

two modes are illustrated by a comparison of

PDLIM1 and PDLIM2 in Figure 1. The individual

structures are discussed later.

GRASP PDZ domain structure

In the structure of GRASP PDZ domain, chain A

binds the C-terminal residues of a crystallographic

symmetry-related molecule in the canonical manner

for a ‘‘Class I" PDZ domain, as seen in our previous

structures generated by this method9 and other

structures deposited in the PDB. The P0 leucine is

bound with its side-chain in the hydrophobic pocket

at the end of the binding groove, and the expected

interaction for a Class I PDZ domain between the

P-2 serine and the histidine at aB1 (first residue of

the aB helix) is present. In addition, there are

hydrogen bonds between the P-3 serine and the

side-chains of Gln117 and Arg137. However, chain B

binds the C-terminal residues in a very different

conformation, such that only the P0 residue approxi-

mates its position as bound to chain A; an overlay of

the two chains shows the substantial difference in

Table I. Constructs Used for Protein Purification and Structure Determination

Constructs used
in crystallization

Constructs giving
crystals Residue rangea

C-terminal
extensiona

No. of residues
between domain
and extensiona,b

PDLIM1 7 2 Met1–His86 ESDL 4
PDLIM2 7 4 Met1–Arg82 ITSL 1
PDLIM4 4 1 Met1–Gly85 ESDL 4
PDLIM5 2 2 Met1–Arg83 ESDL 1
PDLIM7 5 1 Met1–Ala84 ITSL 2
GRASP 3 1 Gln97–Tyr188 SSTL 2
MAST4 2 1 Gln1216–Thr1307 ETSV 5

a For the construct used for the structure.
b The number of residues between the end of the final b-strand (equivalent to Ala82 in PDLIM1) and the four residues of
the C-terminal PDZ-binding motif.

Figure 1. Comparison of binding for PDLIM1 (on the left) and PDLIM2 (on the right). The surface is colored by

hydrophobicity, with red, the least, and blue, the most hydrophobic. The ligand C-terminus is shown as a yellow ball-and-

stick model with the residues from the C-terminus to the N-terminus labeled as P0 (C-terminal residue), P-1, P-2, and P-3.

PDLIM1 has a canonically bound C-terminus, whereas PDLIM2 binds a C-terminus in a ‘‘perpendicular" manner.
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direction and binding of the bound C-terminal resi-

dues, and many differences in the positions of side-

chains (Fig. 2).

Of the seven side-chains on the outside face of

the b-strands bB and bC, six are in different confor-

mations (Fig. 2). The only side-chain whose position

is maintained is Cys136; this residue is alanine in

rat GRASP, the most significant of the sequence dif-

ferences due to its position close to the binding

groove. Of the six side-chains in different conforma-

tions, Glu115, from bB, and His139 from bC are not

influenced by the crystal packing. The conformations

of Gln117 and Tyr119 from bB, and Phe134 and

Arg137 from bC are influenced by a combination of

crystal packing and the binding arrangement.

Phe134 is in two conformations in chain B, but one

ordered conformation in chain A.

Considering the bound C-terminus, in the bind-

ing arrangement of chain B the P-2 serine is not

located in the binding groove and it has hydrogen

bonds only to two water molecules, while the P-1

Thr is bound by the side-chain of Glu115. Other

interactions in chain B, such as the stacking

arrangement of the P-4 Tyr with His139 are further

from the binding groove and more likely to be due to

the crystal packing.

When comparing the positions of the P0 leucine

residue in the two different binding arrangements,

the leucine side-chain is rotated 180� around the

CbACc bond, with the overall rotation of the whole

P0 residue meaning that the side-chain still occupies

almost the same volume of space. Thus, the only

constant in the binding of the two chains in this

structure is the position of the C-terminal carboxy-

late, which forms the anticipated interactions with

the backbone nitrogens of the GFGF motif (TFGF in

GRASP).

Another interesting difference between the two

binding arrangements concerns the histidine at aB1

(His168), the key residue in selectivity for a Thr/Ser

at P-2. In chain A, this histidine is in the expected

conformation, forming a hydrogen bond from its

side-chain NE2 atom to the P-2 serine, as mentioned

earlier. However, in chain B, in the absence of the

P-2 residue in the binding groove, the side-chain of

His168 is rotated 180� around CbACc and this

movement together with a small rotation of strand

bB allows a hydrogen bond to be formed between

NE2 and the backbone carbonyl of Ile116 on bB.

This movement is illustrated in Figure 2, which also

shows how the side-chain of Thr118 is rotated to

match the rotation of His168.

Comparisons with previous GRASP PDZ

domain structures
The three structures of GRASP PDZ domain pub-

lished by Sugi et al.11 all show crystal packing inter-

actions through bB and bC to varying extents, which

as in our structure makes analysis of the side-chains

difficult. Chain A in our structure has a different

Figure 2. Comparison of binding for the two independent chains of the GRASP PDZ domain structure. A1, A2: View from two

angles of chain A, which shows canonical binding. B1, B2: View from the same angles, but of chain B that shows different

binding. The side-chain movements associated with the differences in binding can be seen by comparing (A) and (B),

especially the rotation of Thr118 and His168 with changes in hydrogen bonding, and the movement of the other labeled side-

chains. Labels in smaller italic font indicate residues affected by crystal packing.
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crystal packing interface, with bB and bC of one

molecule interacting with bB and bD from the other

face of a second molecule. However, in Chain B the

local crystal packing environment on the bB, bC face

is very similar to that in the ‘‘auto-inhibited" struc-

ture of GRASP with the GRASP C-terminus, in

which a similar ‘‘perpendicular" binding is also seen,

although with a different construct, and in a differ-

ent crystal form.

The variation in position and hydrogen bonding

of His168 observed in our structure in the absence

of a canonically bound C-terminus is also observed

in the structures published by Sugi et al. In their

auto-inhibited structure, the side-chain of His168 is

also rotated 180� around CbACc, although it does

not form the hydrogen bond with the backbone of

bB, instead interacting with a phosphate ion in the

crystal lattice. Of particular relevance, however, in

their native structure chain A has the rotated

His168 side-chain, whereas chain B does not. Super-

imposition of the two chains shows that as the back-

bones align very well overall (r.m.s. deviation of 0.60

Å over 87 Ca atoms) with little deviation except at

the N- and C-termini, there is a substantial differ-

ence in position of the bD-aB loop, including a 1.6 Å

difference in position of the backbone at His168

(aB1).

PDLIM PDZ domain structures

For PDLIM1 and PDLIM4, the residues of the C-ter-

minal self-binding extension (ESDL) were bound to

the binding groove of a crystallographic symmetry-

related molecule in the canonical manner. The side-

chain of the P0 residue was buried in the hydropho-

bic pocket at the end of the binding groove and the

side-chain of the P-2 serine/threonine was bound to

the side-chain of the histidine residue at aB1

(Fig. 3). However, in the structures of PDLIM2,

PDLIM5, and PDLIM7 the C-terminal residues

(ESDL/ITSL, Table I) were bound such that only the

C-terminal P0 residue was in the canonical position

and conformation (Fig. 3), similar to the general

Figure 3. Comparison of the positions of the P0 residues, and of the aB helix, in the binding arrangements of PDLIM PDZ

domains. (A) PDLIM2, (B) PDLIM5, (C) PDLIM7, (D) PDLIM1, (E) PDLIM7, (F) Overlay of PDLIM1 and PDLIM2: PDLIM1 is

colored blue with its bound C-terminus colored orange, whereas PDLIM2 is colored yellow with its bound C-terminus colored

green. Hydrogen bonds are shown for the P-2 threonine of PDLIM1. The lower-occupied alternate confirmation of the PDLIM2

aB9 arginine has been removed for clarity. The rotation of the P0 residue can be seen, as can the movement of the aB helix

at the aB9 end.
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arrangement for the binding to chain B of GRASP.

The P-1, P-2, and P-3 residues were not bound in

the PDZ domain’s binding groove but, as in the bind-

ing to chain B of GRASP, did have additional stabi-

lizing interactions with PDZ domain surface side-

chains. For the PDLIM PDZ domain structures

where there is more than one molecule in the asym-

metric unit (PDLIM4, PDLIM5, and PDLIM7), each

of the molecules in the asymmetric unit shows a

similar manner of binding.

Therefore, as in the two chains of the GRASP

structure, binding of the P0 residue is relatively

unaffected by the different binding arrangements

seen in these crystals. The most extreme positions of

the P0 residue are taken by PDLIM2 (in the alter-

nate binding mode) and PDLIM1 (in the normal

binding mode). However, even in these the alteration

in position of the P0 residue is relatively small, con-

sisting of a modest rotation (Fig. 3). Unlike in the

GRASP structure, there is not a rotation of the P0

leucine side-chain about the CbACc bond.

Differences between the canonical binding
mode and the perpendicular modes

It is harder to compare the positional differences of

the surface side-chains on bB and bC than for the

comparison between the two chains of the GRASP

PDZ domain structure, due to the sequence differen-

ces between the PDLIM proteins and the differing

crystal packing environments. However, two con-

served residues are of interest: The conserved argi-

nine residue at bB2 [second residue of strand bB,

immediately after the GYGF motif (PWGF in

PDLIMs), Arg16 in PDLIM2 and PDLIM4, Arg17 in

PDLIM1, PDLIM5, and PDLIM7], and the aB5

glutamine.

The arginine at bB2 binds the P-1 aspartate in

both of the canonical binding structures (PDLIM1

and PDLIM4). In the other structures, it is less well-

ordered in general, but nevertheless can be seen to

stabilize the bound C-terminus in different ways in

each of the other structures; in PDLIM2, it binds

the P-2 threonine; in PDLIM5, it binds the P-2 thre-

onine in chain A and the P-1 aspartate in the other

four chains, and in PDLIM7, it binds the backbone

carbonyl of the P-3 residue in chain A and the back-

bone carbonyl of the P-2 residue in chain B. The con-

formations of Arg17 in PDLIM5 are affected by the

opportunity for a guanidine-stacking arrangement

with Arg45 from the same molecule as the bound C-

terminus; there is not a crystal packing influence on

this residue in the PDLIM2 or PDLIM7 structures,

excepting of course the interactions with the bound

C-terminus itself.

In PDLIM1 and PDLIM4, the P-2 serine side-

chain also forms a hydrogen bond to the side-chain

of the aB5 glutamine residue. This residue is con-

served in all of the PDLIM PDZ domains, and in the

structures of PDLIM2, PDLIM5, and PDLIM7 is in

an alternate conformation closer to the binding

groove (Fig. 3). Therefore, this appears to be the

favored conformation for this residue in the absence

of a protein bound in the binding groove. In

PDLIM4, as well as the interaction between the P-1

aspartate and Arg16, there are also binding interac-

tions between the P-1 aspartate and His33 (at the

end of bC), and between the P-3 glutamate and

Arg16, Ser30, and Arg31.

Difference in position of Helix aB in PDLIM2

In the two structures representing extremes of posi-

tion of the P0 residue, a comparative difference in

position of the aB helix can be seen [Fig. 3(F)]. The

movement of the helix relative to that in PDLIM1

results in a wider binding groove for PDLIM1 where

the P-2 residue of the bound C-terminus resides in

the binding groove in the canonical manner, and a

narrower groove for the altered binding of PDLIM2.

The movement is greatest at the C-terminal end of

the helix, with differences of 1.4 Å in the positions

of the Ca atom of aB9 (arginine in both structures),

1.1 Å for the Ca atom of the aB5 glutamines, and

0.7 Å for the Ca atom of the aB1 histidines. This dif-

ference in position of aB is specific to PDLIM2 and

was not seen in PDLIM5 or PDLIM7.

MAST4 PDZ domain structure
The construct used for the MAST4 PDZ domain

structure had five residues between the end of the

PDZ domain and the C-terminal self-binding motif

ETSV (Table I). There were two molecules in the

asymmetric unit. Chain B binds the C-terminus in

the canonical manner. In addition to the binding of

the P0 valine and the binding of the P-2 threonine

to His70 at aB1, there is a salt bridge between the

P-3 glutamate and Arg19 at bB4 (residue numbering

as in the PDB file, Arg19 corresponds to Arg1130 in

the full length protein). Chain A binds the C-termi-

nus in a similar manner overall, including the same

salt bridge between P-3 glutamate and Arg19, but

with some key differences: The P-2 threonine as

bound to chain A is rotated out of the binding

groove, and water molecules fill the gap between the

P-2 threonine and the aB1 histidine, with hydrogen

bonds to the histidine NE2 and P-2 backbone nitro-

gen (Fig. 4). In chain A, the side-chain of the P-1

Ser points away from the b-strand after the NYGF

motif (bB) instead of toward it as in chain B, a rota-

tion around its CaACb bond. Matching this rotation,

Thr17 at bB2 is also rotated around its CaACb
bond.

There is not a substantial difference in the posi-

tion of helix bB between the two chains, unlike the

deviation observed for PDLIM2 compared with

PDLIM1, or that observed for the third PDZ domain

of MPDZ.9 Also, there is not an obvious crystal
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packing explanation for the difference in binding

between chains A and B, with the overall geometry

of the two molecules involved in each binding inter-

action being similar. The conservation of the interac-

tions with the P-3 glutamate suggests that those

interactions are more significant than the more com-

mon P-2 threonine interaction in this case.

Discussion

Generality of a perpendicular binding mode

It is now becoming clear that the extent of interac-

tions of small protein domains is often wider than in

previously recognized models. For example, SH2

domains have been shown to have important inter-

actions via a secondary binding site.22 C2 domains

can bind phosphotyrosine,23 and a bromodomain was

recently shown to bind two acetyl-lysine side-chains

simultaneously.24 In the case of PDZ domains, the

observations of binding to phosphoinositides have

opened new areas of research.25,26

The possibility remains that the observations of

the ‘‘perpendicular" binding mode are purely induced

by crystal packing considerations; however, the num-

ber of observations of a perpendicular binding mode,

and in particular the observation of this mode by

NMR in the X11/Mint PDZ domain protein struc-

ture,12 suggest a more general role for this mode of

binding in the interactions of PDZ domains with

their ligands. There are even possibilities for it

being a necessary binding mode when self-binding is

used as a mode of regulation of PDZ domain interac-

tions, if the particular PDZ domain protein does not

have the conformational flexibility for canonical

binding.11 The PDLIM and GRASP PDZ domain

structures showed a correspondence between the

length of the C-terminal self-binding extension and

whether in the crystal the C-terminus was bound in

the canonical manner or not (Table I). The shorter

C-termini may not have had the necessary flexibility

to form a canonical binding arrangement, as also

allowing the observed crystal packing. These obser-

vations together with the conservation of the bind-

ing of the P0 residue, despite any possible crystal

packing determinants, show the dominance of the

P0 residue in recognition and, therefore, selectivity.

Interestingly, the MAST4 PDZ domain structure

exhibited different binding in each of the molecules

in the asymmetric unit, whereas having in principle

the flexibility to form a canonical interaction in

both.

Figure 4. Comparison of binding for the two independent chains of the MAST4 PDZ domain structure. (A) Chain B with

canonical binding; (B) Chain A where the P-2 threonine is rotated out of the binding groove, whereas the interaction of the

P-3 glutamate with Arg19 is maintained. Note also the rotation of Thr17 that matches the rotation of the P-1 serine.

Figure 5. Schematic comparison of two potential alternate

binding modes compared with canonical binding.

Each binding mode shows a protein C-terminus bound to

the binding groove of a PDZ domain with its P0 residue. In

the ‘‘perpendicular" binding mode only the P0 residue is

bound in the binding groove, whereas an intermediate state

has the P-2 residue close to the binding groove, but not

bound in a canonical manner.
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Binding mechanism

A study on the binding kinetics of PTP-BL PDZ do-

main and its target peptide showed evidence for

a two-step induced-fit mechanism.4,5 This implied

a mechanism of initial binding followed by rear-

rangement. The kinetics alone identified the pres-

ence of a rearrangement but not its cause, in partic-

ular whether from a rearrangement of the PDZ

domain, the ligand, or both. There is some evidence

for rearrangement within the PDZ domain hydro-

phobic core.4 Our structures suggest a possible

mechanism for induced fit rearrangement of both

PDZ domain and ligand, after initial binding of

ligand at position P0.

According to such a mechanism, the structures

that show only the P0 residue of the ligand bound in

the binding groove may, therefore, be representative

of one of a number of possible intermediate bound

states, before a transition to the final bound state in

which the canonical binding would be observed. This

transition involves any or all of: Surface side-chain

rearrangements, in particular on aB, bB, and bC;

rearrangement within the hydrophobic core; and

movement of helix aB, as seen in the comparison of

PDLIM1 and 2, and also in PTP-BL.4 All of these

transitions are coordinated with the rearrangement

of the bound C-terminus. The structure of the

MAST4 PDZ domain may represent a transition

between perpendicular and canonical binding. The

three stages of this mechanism are illustrated sche-

matically in Figure 5 as the ‘‘perpendicular’’, ‘‘inter-

mediate’’, and ‘‘canonical’’ bound states.

Residues may directly influence either the stabi-

lization of the final bound state, through induced-fit

cascading side-chain rearrangements, or stabiliza-

tion of the intermediate bound state, through inter-

actions with the partly bound C-terminus. An indi-

vidual residue could be involved in either or both of

these mechanisms. For example, in GRASP PDZ do-

main Glu115 on bB seems to be involved in both

mechanisms, binding Arg137 (bC) that binds the P-3

Ser in the final bound state, whereas binding the

P-1 Thr directly in the intermediate state; His139

(bC) stabilizes the intermediate state through p-

stacking with the P-4 Tyr side-chain, but does not

directly interact with the bound C-terminus in the

final bound state; and Gln117, Tyr119 (bB), and

Phe134 (bC) are only involved in stabilizing the final

state, which involves movement of all of their side-

chains from their positions in the intermediate state.

When considering the influence of residues

remote from the binding groove, only residues on

the ‘‘top’’ surface of aB, bB, or bC are likely to have

direct contact with the bound C-terminus (in any

state) and, therefore, only these residues would be

expected to have a direct effect on the selectivity.

However, other residues may have an indirect effect,

even acting through the hydrophobic core of the

PDZ domain. For example, the residue equivalent to

Ile116 on bB of GRASP, at the centre of the binding

groove, is often seen in multiple conformations in

crystal structures, and indirect packing effects in

the core may alter the range of allowed conforma-

tions, affecting selectivity.

It is difficult to assign importance to any indi-

vidual residue in binding mechanisms due to the

possibilities of crystal packing influences. However,

the overall impression from all of the observations

put together is one of concerted adjustment of

surface side-chains, secondary structural elements

Table II. Crystallization Conditions

Protein buffer
[Protein]
(mg/mL)

Crystallization
conditions

Ratio of protein:
precipitant in

crystallization drop Cryo-protectant

PDLIM1 50 mM Hepes pH 7.4, 500
mM NaCl, 0.5 mM TCEP

63 40% PEG 300, 0.2M
calcium acetate, 0.1M

cacodylate pH 6.5

1:2 None

PDLIM2 50 mM Hepes pH 7.4, 500
mM NaCl, 0.5 mM TCEP

12 30% mPEG 2000,
0.2M (NH4)2SO4,

0.1M acetate pH 4.6

1:2 30% Glycerol

PDLIM4 50 mM Hepes pH 7.4, 500
mM NaCl, 0.5 mM TCEP

6 20% PEG 10000, 0.2M
MgCl2, 0.1M Tris pH

8.5

2:1 15% PEG400

PDLIM5 25 mM Hepes pH 7.4, 150
mM NaCl, 0.5 mM TCEP

13 30% PEG 4000, 0.2M
MgCl2, 0.1M Tris pH

8.5

2:1 20% Ethylene glycol

PDLIM7 50 mM Hepes pH 7.4, 500
mM NaCl, 0.5 mM TCEP

38 20% PEG 4000, 0.1M
Hepes pH 7.5, 10%

isopropanol

1:2 20% Ethylene glycol

GRASP 50 mM Hepes pH 7.4, 500
mM NaCl, 0.5 mM TCEP

50 1.26M NaH2PO4,
0.14M K2HPO4

1:1 30% Glycerol

MAST4 25 mM Hepes pH 7.5, 150
mM NaCl, 0.5 mM TCEP

17 0.75M NaH2PO4,
0.91M K2HPO4

2:1 25% Ethylene glycol
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(helix aB in PDLIM2, bB in GRASP) and movement

of the ligand C-terminus from a partially bound per-

pendicular state to a canonically (fully) bound state.

In typical analyses of the specificity determi-

nants of C-terminal residues such as that carried

out by Tonikian et al.,1 the average specificity deter-

minants of the P-1 and P-3 residues are higher rela-

tive to those of P-2 and P0 than one might perhaps

expect, considering that P-3 and P-1 do not bind in

the ‘‘binding groove’’. However, considering a two-

state binding mechanism, the stabilization of an

intermediate state would be a contributing factor in

the specificity determination.

Materials and Methods

Cloning, expression, and protein purification
DNA for each of the proteins was amplified by PCR

from template DNA in the Mammalian Gene Collec-

tion. The IMAGE Consortium Clone IDs for

PDLIM1, PDLIM2, PDLIM4, PDLIM5, and PDLIM7

are 2985229, 4593207, 4132234, 3345715, and

3506748, respectively. The four amino acid C-termi-

nal extensions were created by inclusion of 12 extra

bases in the reverse primer. The PCR products were

incorporated into a home-made vector containing an

N-terminal hexahistidine tag and TEV protease tag

cleavage site (sequence MHHHHHHSSGVDLGTEN-

LYFQSM), by ligation-independent cloning (Table I).

The resulting plasmids were transformed into E. coli

BL21 (DE3) cells containing the pRARE2 plasmid

from commercial Rosetta II (DE3) cells. Cultures

were grown in shaker flasks containing 1 L of ter-

rific broth medium with the number of flasks per

clone being dependent on the level of protein expres-

sion (previously determined). The cultures were

grown at 37�C until an OD600 of 1–3 was reached.

The temperature was then reduced to between

20�C and 22�C before induction of protein expression

with 0.5–1 mM isopropyl-b-D-thiogalactopyranoside.

Cells were grown overnight before harvesting by

centrifugation. The cells were resuspended in lysis

buffer (typically 50 mM Hepes pH 7.5, 500 mM

NaCl, 5 % glycerol, 5 mM imidazole, 0.5 mM TCEP,

and protease inhibitors) and lysed by high pressure

homogenization. Polyethyleneimine was added to a

concentration of 0.15%, and the insoluble debris

removed by centrifugation.

The target protein was purified from the clari-

fied cell extract by immobilized metal ion chromatog-

raphy: The cell extract was passed over Ni2þ resin,

and the resin was then washed with lysis buffer con-

taining 25 mM imidazole. Protein was eluted with

lysis buffer containing 250 mM imidazole and the

eluted fractions were further purified on an S200 gel

filtration column. Removal of the hexahistidine tag

was accomplished using TEV protease at 4�C over-

night followed by passing the solution over Ni2þT
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resin. Purified proteins were concentrated to the

concentrations shown in Table II and stored at

�80�C before crystallization. The final protein buffer

solutions are shown in Table II.

Crystallization, data collection, and structure

solution

Crystals were grown at 20�C using the sitting drop

vapor diffusion method. Protein solution was mixed

with crystallization buffer and equilibrated against a

reservoir of crystallization buffer. Crystallization

conditions and mixing ratios of protein to crystalliza-

tion buffer are given in Table II. Crystals were cryo-

cooled by plunging into liquid nitrogen and X-ray

data were collected at 100 K using a nitrogen

stream. Where appropriate, the crystals were trans-

ferred first into a cryo-protectant solution consisting

of crystallization condition plus either PEG400, eth-

ylene glycol, or glycerol (Table II) before being cryo-

cooled. All X-ray data was collected on beamline

X10A of the Swiss Light Source (see Table III for

data collection and refinement statistics).

The data was processed with MOSFLM,27

HKL200028 or XDS,29 and the CCP4 suite.30 Struc-

tures were solved by molecular replacement using

PHASER31 and homologous models obtained from

the PDB. Crystallographic models were rebuilt using

O32 or COOT33 and refinement was performed using

REFMAC534 or PHENIX.35
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