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SUMMARY 

Synthetic peptides are attractive candidates to manipulate protein-protein interactions 

inside the cell as they mimic natural interactions to compete for binding. However, 

protein-peptide interactions are often dynamic and weak. A challenge is to design 

peptides which make improved interactions with the target. Here, we devise a 

fragment-linking strategy - ‘mash-up’ design - to deliver a high-affinity ligand, KinTag, 

for the kinesin-1 motor. Using structural insights from natural micromolar-

affinity cargo-adaptor ligands, we have identified and combined key binding features 

in a single, high-affinity ligand. An X-ray crystal structure demonstrates interactions as 

designed and reveals only a modest increase in interface area. Moreover, when 

genetically encoded, KinTag promotes transport of lysosomes with higher efficiency 

than natural sequences, revealing a direct link between motor-adaptor binding affinity 

and organelle transport. Together, these data demonstrate a fragment-linking strategy 

for peptide design and its application in a synthetic motor ligand to direct cellular cargo 

transport. 
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INTRODUCTION 

Up to 40% of protein-protein interactions (PPIs) are thought to be directed by the 

recognition of short linear peptides by larger protein domains (London et al., 2013; 

Neduva et al., 2005). A subset of these PPIs occur through the recognition of linear 

motifs by α-solenoid architectures such as armadillo repeat proteins (ArmRPs), HEAT 

proteins, and tetratricopeptide repeat (TPR) domains (Perez-Riba and Itzhaki, 2019; 

Reichen et al., 2014). In these proteins, tandem arrays of α-helices are stacked 

together to form extended superhelical structures. This arrangement results in high 

surface-area-to-volume ratios compared with typical globular proteins and, thus, larger 

binding surfaces (Grove et al., 2008). TPR domains are important for a diverse range 

of PPIs in the cell including cell-cycle regulation, chaperone activity, transcription, 

protein translocation as well as intracellular transport and membrane trafficking 

(D'Andrea and Regan, 2003). Specifically, TPR domain–peptide interactions play a 

critical role in cargo recognition by the microtubule motor kinesin-1 where the kinesin 

light chain TPR domains (hereafter denoted KLCTPR) recongize short unstructured 

peptides within cargo adaptor proteins, providing a link between the motor protein and 

the vesicular or organelle cargo to be transported (Figure 1a, reviewed in Cross and 

Dodding, 2019).   It is becoming clear generally, that such α-solenoid domain-peptide 

interactions are amenable to design, engineering and chemical manipulation, making 

them potential therapeutic targets for a range of diseases and the development of 

research tools (Binz et al., 2004; Main et al., 2005; Randall et al., 2017).  

 Our own work, and that of others, has identified two distinct classes of short 

linear motif (SLiM) peptide sequences that are recognised by KLCTPR: tryptophan-

acidic (W-acidic) motifs found in the lysosomal cargo adaptor SKIP as well as many 

others feature a tryptophan residue flanked by aspartic or glutamic acids in the 

consensus L/M-D/E-W-D/E (Araki et al., 2007; Cross and Dodding, 2019; Dodding et 

al., 2011; Kawano et al., 2012; Konecna et al., 2006; Pernigo et al., 2013; Rosa-

Ferreira and Munro, 2011); and Y-acidic motifs at the C termini of the axonal transport 

cargo adaptor JIP1 and Torsin A display a tyrosine residue flanked by acidic residues 

(Nguyen et al., 2018; Pernigo et al., 2018; Verhey et al., 2001; Zhu et al., 2012). In 

mammals there are four closely related KLC paralogues (KLC1 – 4). Whilst W-acidic 

motifs typically bind both KLC1TPR and KLC2TPR, C-terminal Y-acidic motifs bind 

KLC1TPR with a much higher affinity compared to KLC2TPR (Nguyen et al., 2018; 

Pernigo et al., 2018; Zhu et al., 2012). These motifs bind at distinct yet overlapping 
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locations on the concave surface of the KLCTPR. Peptide binding increases the 

curvature of KLCTPR through an induced-fit mechanism that highlights the adaptive 

plasticity of this domain as a platform for protein interactions (Figure 1b) (Pernigo et 

al., 2018; Pernigo et al., 2013). 

These natural motor-cargo adaptor interactions have µM affinities in vitro 

(Nguyen et al., 2018; Pernigo et al., 2018; Pernigo et al., 2013; Zhu et al., 2012). 

Previously, we have proposed that tighter interactions are achieved in the cell through 

avidity, as multiple copies of the adaptor peptides are expressed on the surface of 

organelles, they may be presented as a pair of motifs in adaptor proteins, and the 

kinesin-1 heterotetramer presents a pair of KLCs (Figure 1a) (Cross and Dodding, 

2019; Dodding et al., 2011; Sanger et al., 2017). Consistent with this proposition, 

fusion of multiple copies of W-acidic motifs in series to organelle-associated proteins 

enhances transport compared with single motifs, with three motifs performing better 

than two motifs (Farías et al., 2015; Pu et al., 2015). However, the hypothesis that 

adaptor-motor binding affinity per se is a limiting factor in transport is yet to be formally 

tested. Indeed, while the biophysics of motor-microtubule interactions are intensively 

studied, much less is understood about how the fundamental properties of PPIs impact 

cargo attachment and transport.   We considered that one way to explore this would 

be to design a ligand with higher affinity and ask what effect it has.   

More broadly, adaptable and synthetically accessible peptides are attractive 

candidates for disrupting PPIs as they mimic the natural interactions to compete for 

binding (London et al., 2013). However, protein-peptide interactions are often dynamic 

and weak due to the conformational lability of linear peptides. Thus, a challenge is to 

design peptide ligands that overcome this limitation by making additional or improved 

interactions with the target (Hansen et al., 2017; Modell et al., 2016).  

We identified an opportunity to explore peptide design in the context of a 

structurally defined transport system with a clear cellular functional readout, and at the 

same time, to ask a long-standing question in kinesin biology. Here we describe a 

structure-guided, fragment-linking approach, which we call ‘mash-up’ design, to 

deliver a high-affinity peptide ligand that targets the kinesin-1:cargo interface. This 

combines functional elements of different natural cargo-adaptor sequences into one 

peptide. Notably, it integrates the transport-activating capacity of W-acidic sequences 

with the extended binding interfaces from Y-acidic sequences. Our approach borrows 

from consensus design, which identifies key amino acids for a protein structure from 
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multiple-sequence alignments (Forrer et al., 2004; Kajander et al., 2006). However, it 

builds on this by incorporating offset fragments, analogous to fragment-based small-

molecule drug design (Erlanson, 2012; Hall et al., 2015). The de novo peptide, which 

we call KinTag, is effective in hijacking the transport function of endogenous kinesin 

motors in cells, and can deliver cargo into axons of primary neurons with a high 

efficiency that correlates with its enhanced binding affinity.  
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RESULTS 

Mash-up design of peptide ligands for KLC TPR domains 

The tryptophan and tyrosine residues in W-acidic and Y-acidic motifs, respectively, 

are essential for binding (Nguyen et al., 2018; Pernigo et al., 2018; Pernigo et al., 

2013; Verhey et al., 2001). The X-ray crystal structures of cargo-adaptor peptides from 

SKIP, JIP1 and Torsin A complexed with KLCTPR domains highlight how these 

residues interact with their receptor. In the KLC2TPR:SKIP complex, the central 

tryptophan (W, p+2 in Figure 1c) residue occupies a hydrophobic pocket formed 

between TPRs 2 and 3 (the W-pocket) whilst the Y-acidic tyrosine (Y, p0) of both JIP1 

and Torsin A bound to KLC1TPR occupies a second pocket formed by repeats 3 and 4 

(Y-pocket). The latter can also accommodate leucine or methionine residues often 

found at this position in W-acidic motifs. For Torsin A, an additional phenylalanine (F, 

p-6) occupies a third pocket (F-pocket) formed by TPRs 5 and 6 (Figure 1b). Key to 

peptide stabilization within the concave surface of KLCsTPR is an induced-fit closure of 

the receptors’ solenoid-shaped architecture that enables further hydrogen-bond 

formation.  

A structure-guided overlay of SKIP, JIP1, and Torsin A KLCTPR-bound cargo 

adaptor peptides (Figure 1c) suggested the possibility of simultaneously engaging the 

F-,Y- and W-pockets with a single peptide. Therefore, we sought to combine these 

different features of the natural sequences into a single synthetic-peptide ligand for 

KLCTPR domains. To do this, we used a ‘mash-up’ approach to design peptide 

sequences that extend the N terminus of the SKIP W-acidic motif with residues from 

the JIP1 (J-S peptides), or with residues from both JIP1 and Torsin A (T-J-S peptides). 

Since the p-2 leucine of SKIP and the p0 tyrosine from JIP1 and Torsin A bind to the 

same Y-pocket, two peptides were designed for each of the J-S and T-J-S constructs 

(Table 1) (Pernigo et al., 2018; Pernigo et al., 2013). The designs of these four 

peptides were made by solid-phase peptide synthesis with the 5-

carboxytetramethylrhodamine (TAMRA) fluorophore appended N terminally. These 

were purified by high performance liquid chromatography and confirmed by MALDI-

TOF mass spectrometry (Figure S1, Table S1).  
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Synthetic peptides bind KLCTPRs in vitro with high affinities  

The binding affinities of the designed peptides to KLCTPR proteins comprising TPRs 1 

– 6 were determined in vitro using fluorescence polarization (FP) assays (Pernigo et 

al., 2018; Pernigo et al., 2013). TAMRA-labelled peptides were incubated with 

increasing concentrations of KLCTPR proteins in saturation-binding experiments to 

obtain dissociation constants, KD, for both KLC1TPR and KLC2TPR (Figure 2, Table 1). 

The designed peptides had increased affinities over the natural sequences for both 

isoforms. Peptides J-S(L) and J-S(Y) bound with moderately increased affinities, with 

the tyrosine variant as the tighter binder. The lower affinity of the peptides with p0 

occupied by L, compared to Y, could be due to the loss of hydrogen bonds in the Y-

pocket (Figure S3). Increasing the N-terminal extension in the T-J-S(Y) peptide led to 

a further increase in affinity, but this was not observed for the leucine variant. Thus, 

peptide T-J-S(Y) had the highest affinities for KLCTPRs with KDs of tens of nM to 

KLC1TPR and hundreds of nM to KLC2TPR, Table 1. We dubbed this ‘KinTag’. 

 

Designed peptides are sensitive to KLCTPR autoinhibition 

KLCs have a conserved autoinhibitory leucine-phenylalanine-proline-containing 

sequence (LFP-acidic) N terminal to their TPR domains (Yip et al., 2016). This 

regulatory element binds near TPR2 of KLCTPR , partly overlaps the W-acidic binding 

region, and forms part of a switch that triggers kinesin-1 conformational changes and 

activation (Kawano et al., 2012; Yip et al., 2016). In FP experiments, the presence of 

this region reduces the affinity of W-acidic peptides for the TPR domains, but not that 

of the Y-acidic peptide of JIP1, explaining why W-acidic peptides can initiate kinesin-

1 activation but Y-acidic peptides do not (Kawano et al., 2012; Yip et al., 2016). 

Consequently, this reduction in binding affinity can be interpreted as a proxy for the 

capacity to displace the inhibitory interaction (Pernigo et al., 2018; Yip et al., 2016). 

Since a functional, transport-activating peptide would require this ability, we 

investigated the binding of the designed peptides to TPR constructs incorporating the 

conserved LFP-acidic region, KLC1extTPR and KLC2extTPR (Figures. 2c,d). 

First, the designed peptides all had improved affinities over the natural 

sequences. KinTag bound to KLC1extTPR with KD = 170 nM, which is a 13- to 44-fold 

increase over the parent peptides (Table 1).  Moreover, and importantly, the affinities 

of the designed peptides for KLCextTPR were all reduced compared to those for KLCTPR. 

This demonstrates the sensitivity of these synthetic adaptor peptides to the presence 
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of the LFP autoinhibitory motif, which we attribute to the W-acidic component of 

KinTag. In turn, we anticipate that these de novo cargo-adaptor peptides should retain 

the capacity to engage the LFP-acidic activation switch. 

 

The X-ray crystal structure of the KLC1TPR:KinTag complex reveals 

interactions as designed  

To validate our mash-up design approach, we solved the X-ray crystal structure of the 

KLC1TPR: KinTag complex at the 2.85 Å resolution (Figure 3 and Table S2). In the 

crystallographic asymmetric unit, we found six copies of the KLC1TPR: KinTag complex 

arranged in three independent head-to-tail dimers (Figure S2). The KinTag core 

sequence, VFTTEDIYEWDDS, is well defined in all complexes while the N-terminal 

glycine-threonine and the C-terminal alanine-isoleucine dipeptides are more flexible 

and partly visible only in some of the molecules. As designed, the KinTag peptide 

binds in an extended conformation within the concave groove of the TPR domain 

(Figure 3a) with an interface area of 950 Å2. This represents a modest increase of 

approximately 24% compared to SKIP W-acidic (769 Å2) and just 7% over the rather 

extensive Torsin A Y-acidic interface (885 Å2). A number of hydrogen bonds and salt 

bridges stabilize the peptide within the concave KLCTPR surface together with 

electrostatic complementarity between the negatively charged peptide and its receptor 

(Figure 3b, Figure S3). While all amino acids of KinTag contribute to the interface with 

KLC1TPR, it is the aromatic (F, Y, and W) residues that appear to play the key roles 

with 70%, 88%, and 80% of their accessible surfaces buried, respectively. 

 

KinTag outperforms the natural SKIP W-acidic sequence in intracellular 

transport  

To validate the KinTag design functionally, we tested its capacity to hijack endogenous 

kinesin-1 to effect organelle transport in cells. Fusion proteins comprising lysosome-

associated membrane protein 1 (LAMP1) and green fluorescent protein (mGFP) with 

and without an intervening KinTag were transiently expressed in HeLa cells. A 

construct with the natural SKIP W-acidic sequence in place of KinTag was used as a 

control (Pu et al., 2015). As expected, the control LAMP1-mGFP fusion incorporated 

into lysosomes (Falcón-Pérez et al., 2005), and mostly clustered in the juxtanuclear 

region with some dispersed through the cytoplasm  (Figures 4a-c). Consistent with 

some limited capacity to promote transport, the single SKIP W-acidic sequence 
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promoted measurable dispersion of lysosomes towards the cell periphery as shown 

by cumulative LAMP1 intensity (described in detail in Sanger et al., 2017; Starling et 

al., 2016). By contrast, KinTag promoted a dramatic dispersion of lysosomes with 

prominent accumulation of the fusion proteins at cell vertices. Notably, the extent of 

peripheral transport correlated with the binding affinities measured in vitro, with the 

high-affinity binder effecting a greater degree of lysosome dispersion (Figures 4a-c). 

Interestingly, this dispersion was associated with a reduction of staining of LAMP1-

GFP positive structures with the acidotropic dye LysoTracker, supporting the 

proposition that the previously observed high pH of peripheral lysosomes is caused 

directly by motor coupling and subsequent transport (Figure S4)(Johnson et al., 2016). 

KinTag was able to pull down kinesin-1 from cell extracts, and mass spectrometry 

analysis of GFP-Trap immunoprecipitation experiments gave no indication of off-target 

binding that might confound interpretation of these data (Figure S4, Table S3). 

Finally, as kinesin-1 is known to be important for the transport of lysosomes into 

axons (Farías et al., 2015), we examined rat primary hippocampal neurons that were 

transfected with plasmids encoding LAMP1-mGFP, LAMP1-SKIP-mGFP and LAMP1-

KinTag-mGFP fusion proteins. Entry of lysosomes into the axon was monitored by 

staining for ankyrin-G (an axon initial segment (AIS) marker) and quantified by 

measurement of the ratios of mean GFP fluorescence intensity in the AIS vs soma 

(Figures 4d,e). Consistent with lysosome dispersion analysis in HeLa cells, KinTag 

promoted the robust transport of lysosomes into the axon (Figures 4d,e). The SKIP 

W-acidic sequence was not as effective. This demonstrates that the extent of kinesin-

1-dependent axonal transport can be modified by enhancing the binding affinity of the 

interaction between a cargo adaptor peptide and the motor complex. This adds to 

examples of in vitro properties of de novo designed peptides translating to in vivo 

functions (Ljubetič et al., 2017; Smith et al., 2019). For the case described herein, it 

illustrates that mash-up design can deliver peptides that bind their targets with high 

affinity in vitro, and operate in cells to out-perform natural adaptor sequences and 

increase kinesin-1-dependent transport of a chosen cargo.  
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Discussion 

The recognition of client SLiMs by protein machineries is a ubiquitous feature of the 

dynamic cell.  It enables different clients (e.g., integral membrane proteins) to be 

selected by conserved machineries (e.g., molecular motors or vesicle coats) to ensure 

the clients are directed to appropriate sites for their function, recycling, or degradation 

(Cross and Dodding, 2019; Jackson et al., 2012). Here we have shown that this can 

be manipulated by combining structural insight from natural ligand-receptor 

interactions with synthetic peptide design.  

We employ a mash-up design approach to combine binding features from 

natural sequences into a single, high-affinity peptide, KinTag, to hijack kinesin-1 

dependent microtubule transport. At a molecular level, our design approach is 

validated by X-ray crystallography, and its functional utility is demonstrated in 

lysosome transport assays. This reveals that protein-peptide binding affinities 

measured in vitro are correlated with the extent of cargo transport in the cell. Our study 

opens the door to manipulating similar interactions throughout transport and trafficking 

networks, where similar unitarily low affinity natural interactions are typically supported 

through co-operativity, avidity and coincidence detection, and thus may be amenable 

to augmentation through the design of high-affinity peptide ligands.  

 More broadly, mash-up design provides a strategy for developing high-affinity 

peptide ligands for protein surfaces. The structure of the KLC1TPR:KinTag complex 

confirms that both general design features (i.e., shape and charge complementarity 

between the peptide and the protein) and sequence-specific design features (i.e., large 

side chains of the peptide bind into designated pockets of the protein) are realized. 

This design approach can yield an order of magnitude or more increase in binding 

affinity without dramtically increasing the interface area, which highlights the utility of 

fragment linking in peptide design, akin to that used with small-molecule 

pharmacophores (Erlanson, 2012; Hall et al., 2015). Importantly, we have been able 

to retain sensitivity to the KLC autoinhibitory switch (Kawano et al., 2012; Yip et al., 

2016), demonstrating that complex functionality can be retained from peptide 

fragments. We see mash-up design as an alternative to other techniques such as 

affinity maturation, where a piori structural information is available from natural ligands. 

The approach may be particularly applicable in the many intracellular membrane 

trafficking pathways that utilise the recognition of diverse SLiMs in unstructured 
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regions of client proteins to ensure selectivity and specificity (Kumar et al., 2019). It 

may also be used downstream of screening approaches where novel ligands are 

discovered with overlapping binding sites.  

Finally, we have shown that the KLCTPRs have a much broader capacity for 

selective motif recognition than is currently appreciated; and, in principle, they are 

capable of interacting with their cargo adaptor ligands over a much wider range of 

binding affinities. It seems likely that some natural ligands may also incorporate 

elements of both the Y-acidic and W-acidic consensus, or perhaps utilize other 

pockets within the groove. Nonetheless, our data confirm the key role for TPR groove 

binding peptides for motor recruitment and activation.Through comparison of in vitro 

measured binding affinities with the extent of cargo transport, we have demonstrated 

that these are directly related. Put another way, we have established a simple concept: 

if a motor holds onto its cargo adaptor more tightly, the cargo is transported more 

efficiently. These findings should allow a toolkit of peptide ligands, across a range of 

affinities, to be developed as transport tags within cells. This will allow investigation of 

the relationship between in vitro binding affinities and binding kinetics, with the cellular 

mechanics of vesicle and organelle transport. We expect that this will lead to motor-

cargo attachment and detachment being fully incorporated into quantitiative models of 

transport that still primarily focus on motor-microtubule interactions.  

We envisage wider applications of KinTag and similarly derived peptides in the  

orchestration of transport of organelles to investigate the functional roles of positioning 

within the cell. This builds on the the strategy of fusing tandem and triplicate motifs to 

transmembrane proteins that has been previously explored (Farías et al., 2015), but 

now using a single, structurally and biophysically defined, short sequence. Moreover, 

it should be possible to augment binding affinity in existing motifs through amino-acid 

substitutions to explore the role of manipulating relative motor activity in systems 

where opposite polarity motors bind the same cargo or cargo adaptor (Cui et al., 2019).  

It is conceivable that the design of relatively low molecular weight, high-affinity, peptide 

or peptidomimetic ligands for kinesin-1 could be useful in the spatial (e.g., axon) 

targeting of exogenous therapeutic cargoes for the treatment of neurological disease.  
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SIGNIFICANCE 

We describe a fragment-linking strategy for peptide design and its application to 

deliver a high-affinity peptide (KinTag) that hijacks the cellular microtubule transport 

machinery. We call the strategy ‘mash-up design’. It combines binding features from 

low-affinity natural peptide ligands in a single, high-affinity peptide. The approach is 

validated in vitro by biophysical studies and X-ray crystallography; and in cells it is 

used to demonstrate that the efficiency of kinesin-dependent transport depends on the 

affinity of the motor for its cargo. KinTag and the mash-up approach should be broadly 

useful to manipulate transport systems and to target protein-peptide interactions more 

generally. 
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FIGURE LEGENDS 

Figure 1 | Kinesin-1 and recognition of cargo adaptor peptides. (a) Schematic of 

the kinesin-1 tetramer formed by two kinesin heavy chains (KHCs) and two kinesin 

light chains (KLCs). Cargo adaptor peptides are recognized by the tetratricopeptide 

repeat (TPR) domains of KLCs (KLCTPRs). (b) Cartoon representation of the cargo 

adaptor peptides of SKIP (green sticks, PDB code, 3ZFW), JIP1 (magenta, 6FUZ), 

and Torsin A (cyan, 6FV0) bound to the concave surface of KLCTPR (solid gray helices). 

All peptides bind in the direction indicated by the red N and C letters. The KLCTPR 

domain is formed of six helix-turn-helix TPR repeats (helices α1 – α12) and an 

additional non-TPR helix (αN) between TPR 5 and TPR 6. A flexible region between 

αN and α11 is indicated by the broken line. For simplicity, only one representative 

peptide-bound KLCTPR is shown. The KLCTPR domain in the peptide-free form (PDB 

code, 3NF1) is also shown as transparent cylinders with the arrow representing the 

domain closure elicited by peptide binding. Key binding pockets (F-, Y- and W-

pockets) on KLCTPR are highlighted. (c) Structure-based sequence alignment of the 

W-acidic motif of SKIP and the C-terminal Y-acidic motifs of JIP1 and Torsin A 

(asterisk indicates C terminus). Their color code is as in panel b with nitrogen and 

oxygen atoms in blue and red, respectively. The labels p+2, p0, and p-6 refer to the 

relative positions of peptide residues buried in the W-, Y-, and F-pockets of KLCTPR 

with the Y residue of the Y-acidic motif as reference (p0). 

 

Figure 2 | In vitro binding affinities of peptides for TPR domains. Fluorescence 

polarization assays for TAMRA-labelled peptides (150 nM) incubated with increasing 

concentrations of protein: (a) KLC1TPR, (b) KLC2TPR, (c) KLC1TPRext, and (d) 

KLC2TPRext. Schematics show cartoon representation of TPR constructs of KLC1 and 

KLC2, with (TPRext) or without (TPR) the LFP acidic inhibitory region. Key: natural 

SKIP, blue; J-S(L), green; J-S(Y), red; T-J-S(L), orange; and T-J-S(Y), KinTag, purple. 

Data were fitted to single-site binding models with polarization values of the peptide 

and buffer alone subtracted and values normalised to the calculated Bmax. Error bars 

indicate 1 SD from a minimum of 3 replicates. 
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Figure 3 | X-ray crystal structure of the KLC1TPR:KinTag complex. (a) Illustrated 

representation of the synthetic KinTag peptide (displayed as a yellow stick model 

accompanied by its 2mFo-DFc electron density in green contoured at the 1.0 s level) 

bound to KLC1TPR. Helices α1 to α12 of the six TPR helix-turn-helix motifs are labelled. 

In addition to the non-TPR helix (αN) seen in previous structures another short helix 

(αN’) is revealed before α11. The flexible region between αN and αN’ is indicated with 

a broken line while the engineered disordered linker connecting α12 to the KinTag is 

not shown for clarity. Color-coded N and C labels indicate the N and C termini, 

respectively. Nitrogen and oxygen atoms are colored dark blue and red, respectively. 

(b) Sliced-surface view of KLC1TPR with bound KinTag. The molecular surface is 

coloured according to its electrostatic potential with positive and negative potential in 

the +10kBT/e to -10kBT/e range shown in blue and red, respectively. Ordered KinTag 

residues are numbered with the central tyrosine residue as reference. Hydrogen bonds 

and salt bridges are shown as broken yellow lines. 

 

Figure 4 | KinTag promotes more efficient lysosome transport than the natural 

W-acidic sequence. (a) Representative confocal fluorescence images of lysosome 

distribution in LAMP1-mGFP (control), LAMP1-SKIP-mGFP (SKIP) and LAMP1-

KinTag-mGFP (KinTag) transfected HeLa cells. Purple arrows highlight fluorescence 

at cell vertices (b) Quantification of lysosome distribution by measuring cumulative 

fluorescence intensity from cell centre to cell periphery a minimum of 25 cells from 3 

independent experiments. Fitted curves are compared using the extra sum of F-

squares test (c) Comparision of cumulative LAMP1 intensity at the 50th percentile. 

Error bars show S.E.M. and unpaired T-test is used for statistical analysis. (d) 

Representative confocal fluorescence images of lysosome distribution in LAMP1-

mGFP (control), LAMP1-SKIP-mGFP (SKIP) and LAMP1-KinTag-mGFP (KinTag) in 

primary hippocampal neurons (inverted greyscale). MAP2 is shown in magenta (e) 

Quantification of ratio of fluorescence intensity in the soma and AIS in transfected 

neurons in a minimum of 12 cells from 3 independent experiments. Error bars show 

S.E.M. and unpaired T-test is used for statistical analysis. * P< 0.05, ** P< 0.01, *** 

P<0.001, **** P < 0.0001. Scale bars are 20 µM. 
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TABLES 

 

Peptide 
name 

Sequence KD / nM 

KLC1TPR KLC2TPR KLC1extTPR KLC2extTPR 

Peptides from natural cargo adaptors 
    

SKIP (S)       STNLEWDDSAI 1170 ± 176 1690 ± 132 7530 ± 125 10650 ± 420 

JIP1 (J)     PTEDIYLE 950 ± 90* - 2210 ± 60* - 

TorsinA 
(T) 

 TVFTKLDYYLDD 1720 ± 
130*  

- - - 

De novo cargo adaptor peptides from mash-up design 

J-S(L)     GTEDILEWDDSAI 1120 ± 153 280 ± 94 2840 ± 50 2570 ± 212  

J-S(Y)     GTEDIYEWDDSAI 430 ± 87 210 ± 27 960 ± 26 2500 ± 82 

T-J-S(L) GTVFTTEDILEWDDSAI 1200 ± 188 657 ± 133 1250 ± 110 2840 ± 135 

T-J-S(Y) 
‘KinTag’ 

GTVFTTEDIYEWDDSAI 35 ± 7 207 ± 15 170 ± 7 720 ± 29 

* Pernigo et  al. al. (2018). 

 

    

 

Table 1 | Sequences and in vitro binding affinities of natural and designed cargo adaptor 

peptides.   
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STAR METHODS 
 
RESOURCE AVAILABILITY 
 
Lead Contact 
 
Further information and requests for resources and reagents should be directed to and 
will be fulfilled by the Lead Contact, Mark Dodding, mark.dodding@bristol.ac.uk 
 
Materials Availability 
 
Plasmids generated in this study were based on previously described constructs and 
are available on request.  
 
Data and Code Availability 
 
Crystallography data is deposited in the PDB, ID 6SWU.  
 
EXPERIMENTAL MODEL AND SUBJECT DETAILS 
 
Cell lines 
HeLa cells were maintained in high glucose Dulbecco’s Modified Eagle’s Medium 
(Gibco Invitrogen) with 10 % (v/v) foetal calf serum (Sigma-Aldrich) and 5 % 
penicillin/streptomycin (PAA) (herein referred to as DMEM) at 37 °C and 5 % CO2. For 
transfection, cells were seeded in 6-well plates on fibronectin coated 13 mm coverslips 
at a density of 1 x 105 cells per well and incubated at 37 °C and 5 % CO2 for 16 h prior 
to transfection. 
 
Animal Husbandry 
Animal care and procedures were carried out in accordance with the UK Animals 
Scientific Procedures Act (1986) and with University of Bristol and ARRIVE guidelines. 
All experimental protocols were approved by the University of Bristol Animal Welfare 
Ethics Review Board (ethics review number UIN/18/004) and the Biological and 
Genetic Modification Safety Committee (BGMSC). E18 pups harvested from pregnant 
female Wistar rats were sacrificed following UK Home Office Schedule 1 regulations 
via administration of an overdose of gaseous isoflurane anaesthesia to ensure 
complete unconsciousness followed by cervical dislocation. Pregnant females were 
housed alone with free access to food and water. Primary cultures are shared between 
group members to minimize animal use. 
 
Primary neuron cultures 
Primary hippocampal neuron cultures were prepared from embryonic day E18 Wistar 
rats as previously described (Martin and Henley, 2004). Briefly, hippocampi were 
dissected and the neurons dissociated by enzymatic digestion with trypsin for 15 min 
and mechanical dissociation. Dissociated neurons were grown on 22 mm glass 
coverslips coated in poly-L-lysine (1 mg/mL, Sigma). Cells were plated at 150,000 
cells/coverslip in 2 ml plating medium (Neurobasal (Gibco) supplemented with 5 % 
horse serum (Sigma); 1 % GlutaMAX (Gibco); and 2 % B27 (Gibco)). Media was 
changed to feeding medium (Neurobasal (Gibco) supplemented with 0.4 % GlutaMAX 
(Gibco); and 2 % B27 (Gibco)) 2 h after plating. Cells were fed with an additional 1 ml 
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of feeding medium 7 days after plating. Cells were cultured in a humidified incubator 
at 37 °C and 5 % CO2.  
 
 
 
METHOD DETAILS 
 
Solid phase peptide synthesis 
Fmoc protected amino acids, dimethylformamide (DMF) and 6-Chloro-1-
hydroxybenzotriazole (Cl-HOBt) were purchased from Cambridge Reagents. Rink 
amide supporting resin (100-200 mesh) was purchased from Novabiochem®. N, N′-
Diisopropylcarbodiimide (DIC) was purchased from Carbosynth, morpholine from 
Merck Millipore, formic acid, Triisopropyl silane (TIPS), and Trifluoroacetic acid (TFA) 
from Acros Organics, pyridine and dichloromethane (DCM) from Fisher, acetic 
anhydride from BDH Laboratories, diethyl ether from Honeywell, and HPLC-grade 
acetonitrile (MeCN) from VWR Chemicals. 5-Carboxytetramethylrhodamine 
 (TAMRA) was purchased from Novabiochem®, (1-[Bis(dimethylamino)methylene]-
1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate 
(HATU) and N,N-Diisopropylethylamine (DIPEA) were purchased from Sigma Alrdrich. 
All chemicals were used as supplied. Synthesis-grade ultra-pure DMF (Cambridge 
Reagents) was used exclusively during peptide synthesis. All structures included in 
the manuscript were created using educational-use PyMOL software 
(https://www.pymol.org/). Exact peptide masses were calculated using Peptide 
Synthetic’s online Peptide Mass Calculator tool 
(http://www.peptidesynthetics.co.uk/tools/)  
 
Standard Fmoc solid-phase peptide synthesis was performed on a 0.1 mM scale using 
CEM (Buckingham, UK) Liberty Blue automated peptide synthesis apparatus with 
inline UV monitoring. Activation was achieved with DIC/Cl-HOBt. Fmoc deprotection 
was performed with 20% v/v morpholine/DMF with addition of 5% formic acid to 
prevent aspartimide formation. Double couplings were used for β-branched residues 
and the subsequent amino acid. All peptides were synthesised from C to N terminus 
as the C-terminal amide on Rink amide resin. For fluorescently labelled peptides 
TAMRA (0.1 mM, 2 eq.), HATU (0.095 mM, 1.9 eq.) and DIPEA (0.225 mM, 4.5 eq) in 
DMF (3 mL) were added to DMF washed peptide resin (0.05 mM) with agitation for 3 
hours. Resin was washed with 20% piperidine in DMF (5 mL) for 2 x 30 minutes to 
remove any excess dye. All manipulations were carried out under foil to exclude light. 
For biotinylated peptides Cl-HOBt (1 ml, 0.5 M) was added to a solution of biotin (0.25 
mM, 5 eq.) and DIC (1 ml, 1 M) in DMF and the mixture added to DMF washed peptide 
resin with agitation for 2 hours. Peptides were cleaved from the solid support by 
addition of TFA (9.5 mL), TIPS (0.25 mL) and water (0.25 mL) for 3 hours with shaking 
at rt. The cleavage solution was reduced to approximately 1 mL under a flow of 
nitrogen. Crude peptide was precipitated upon addition of ice-cold diethyl ether (40 
mL) and recovered via centrifugation. The resulting precipitant was dissolved in 1:1 
acetonitrile and water (≈ 15 mL) and lyophilised to yield crude peptide as a solid.  
Peptides were purified by reverse phase HPLC on a Phenomenex (Macclesfield, UK) 
Luna C18 stationary phase column (150 x 10 mm, 5 μM particle size, 100 A pore size) 
using a preparative JASCO HPLC system. A linear gradient of 10-60 % ammonium 
bicarbonate (25 mM) and water was typically applied over 30 minutes with gradient 
adjusted for each peptide to optimise separation. Chromatograms were monitored at 
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wavelengths of 220 and 280 nm. The identities of the peptides were confirmed using 
MALDI-TOF mass spectrometry using a Bruker ultrafleXtreme II instrument in reflector 
mode. Peptides were spotted on a groundsteel target plate using dihydroxybenzoic 
acid as the matrix. Masses quoted are for the monoisotopic mass as the singly 
protonated species. Masses were measured to 0.1% accuracy. Peptide purities were 
determined using a JASCO analytical HPLC system, fitted with a reverse-phase 
Kinetex® C18 analytical column (Phenomenex, 5 µm particle size, 100 Å pore size, 
100 x 4.6 mm). Fractions containing pure peptide were pooled and lyophilised. 
Peptides were dissolved in buffer (25 mM pH 7.4 HEPES buffer with 150mM NaCl, 
5mM BME) and their concentrations determined by UV-Vis on a ThermoScientific 
(Hemel Hemstead, UK) Nanodrop 2000 spectrophotometer using measurement of UV 
absorbance at 555 nm (ε555(TAMRA) = 85 000 mol–1 cm–1). 
 
Plasmids 
The TPR domain of KLC1 alone (His-KLC1TPR, amino acids A211–S495), a longer 
version containing the conserved LFP motif (His-KLC1extTPR, K173–S495)), and 
equivalent constructs for KLC2 (His-KLC2TPR, A196–S480 and His-KLC2extTPR, K161–
S480) cloned in the bacterial expression vector pET28His-Thrombin have been 
described previously (Yip et al., 2016). A codon-optimized DNA sequence encoding 
the TPR domain of mouse KLC1 (residues 205 – 496, Uniprot Q5UE59, KLC1TPR) 
fused N-terminally to the KinTag peptide via via a (Thr-Gly-Ser)10-Gly flexible 
connector was purchased from Genscript and subcloned between the NdeI/XhoI sites 
of a pET28 vector (Novagen). This strategy allowed for the expression of a chimeric 
protein KLC1TPR-(TGS)10-G-KinTag (His-KLC1TPR:KinTag) bearing a thrombin-
cleavable N-terminal hexa-histidine tag. A plasmid for LAMP1-mGFP was obtained 
from Addgene, plasmid number 34831 (Falcón-Pérez et al., 2005), and SKIP or Kin-
Tag sequences followed by a (TGS)2 linker cloned between LAMP1 and mGFP in 
Sal1-BamH1 restriction enzyme sites by annealing of the following oligonucleotides: 
 
SKIPFor 
TCGACGGCAGCACCAACCTGGAGTGGGATGATAGCGCGATTACCGGCAGCAC
TGGATCAG 
SKIPRev 
GCCGTCGTGGTTGGACCTCACCCTACTATCGCGCTAATGGCCGTCGTGACCTA
GTCCTAG 
KinTagFor: 
TCGACGGCACCGTGTTTACCACCGAAGATATCTATGAATGGGATGATAGCGCG
ATTACCGGCAGCACTGGATCAG 
KinTagRev: 
GCCGTGGCACAAATGGTGGCTTCTATAGATACTTACCCTACTATCGCGCTAATG
GCCGTCGTGACCTAGTCCTAG 
 
Protein expression  
Single bacterial colonies of E.coli BL21(DE3) cells were picked and grown overnight 
in 5 ml LB supplemented with kanamycin (50 µg/ml) at 37°C, 180 rpm. Small scale 
overnight bacterial cultures (5 ml) were used to inoculate larger cultures (1 L) which 
were incubated at 37°C until they reached an OD600 of 0.8. Protein expression was 
induced by the addition of 300 µM Isopropyl β-D-1-thiogalactopyranoside (IPTG) and 
the cultures incubated at 16°C, 180 rpm for 16 hours. Cells were harvested by 
centrifugation at 4000 x g for 30 minutes at 4°C and resuspended in 35 ml lysis buffer 
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(25 mM HEPES pH 7.4, 500 mM NaCl, 20mM imidazole, 5mM β-mercaptoethanol 
supplemented with protease inhibitor cocktail (Roche)). Cell lysis was accomplished 
by sonication for 3 minutes (Pulses of 5 seconds on, 10 seconds off, 70% amplitude). 
Insoluble material was sedimented by centrifugation at 13 000 rpm for 30 minutes at 
4°C and the supernatant loaded onto a His-trap HP column (GE Healthcare) 
preequilibrated with lysis buffer. The protein was eluted with an imidazole gradient (20 
mM to 500 mM Imidazole) over 100 ml and fractions containing the target protein 
identified by SDS polyacrylamide gel electrophoresis.  Protein was applied to a HiLoad 
16⁄600 Superdex 75 prep grade column (GE Healthcare) preequilibrated with sample 
buffer (25 mM HEPES pH 7.4, 500mM NaCl, 5mM β- mercaptoethanol) and 2 ml 
fractions collected using an AKTA prime plus. Fractions containing pure protein were 
identified by SDS polyacrylamide gel electrophoresis, pooled and concentrated using 
Vivaspin® sample concentrators (Sigma Aldrich). Protein concentration was 
determined using a UV/Vis spectrometer. For crystallization, the KLC1TPR:KinTag 
sample eluted from the immobilized metal affinity chromatography step was buffer 
exchanged in lysis buffer and was further incubated overnight at room temperature 
with thrombin conjugated beads (Thrombin CleanCleave Kit, Sigma-Aldrich). The 
protein-bead mixture was filtered using a gravitational column and non-tagged protein 
was collected utilizing reverse IMAC on a HisTrap HP column, followed by size 
exclusion chromatography on a HiLoad 16/600 Superdex 75 column (GE Healthcare) 
pre-equilibrated with 25 mM HEPES pH 7.5, 150 mM NaCl and 5mM β-
mercaptoethanol.  
 
Fluorescence anisotropy 
TAMRA conjugated peptides were diluted to 150 nM and incubated with increasing 
concentrations of the protein of choice (typically 0 – 10 µM) in assay buffer (25mM 
HEPES pH 7.4, 5 mM β-mercaptoethanol  and 150mM NaCl) using an EpMotion liquid 
handling robot (Eppendorf). Measurements were performed on a CLARIOstar (BMG 
Labtech) microplate reader at room temperature.  
 

Crystallography 
Crystallization of KLC1TPR:KinTag was performed by the vapor diffusion method using 
the sitting drop setup. More specifically, purified untagged KLC1TPR:KinTag was 
concentrated to ~8 mg/ml using Vivaspin centrifugal concentrators (Merck) and 
crystallization trays were set up with the aid of the Mosquito liquid handler (TTP 
LabTech) in 96-well Swissci MRC plates (Molecular Dimensions). Crystals developed 
after two days at 19 ˚C, in 0.1 M MIB buffer (sodium malonate dibasic monohydrate, 
imidazole and boric acid) pH 9.0 and 25% (w/v) PEG 1500 (Pact Premier screen, 
Molecular Dimensions) using a 2:1 protein:precipitant ratio in 400nl drops. For data 
collection these crystals were cryo-protected using the reservoir conditions spiked with 
30% (v/v) ethylene glycol. A complete dataset at the 2.85 Å resolution was collected 
at the I03 beam line of Diamond Light Source (Didcot, United Kingdom). Data 
processing was performed using the xia2 pipeline (Winter, 2010; Winter et al., 2018) 

and the crystal structure was solved by molecular replacement using Phaser (McCoy 
et al., 2007) using an ensemble composed of the KLC1TPR domains from 3NF1 (Zhu 
et al., 2012) and 6FV0 (Pernigo et al., 2018) as starting models. Model refinement was 
carried out with the Refmac5 package of the CCP4 software suite (Winn et al., 2011) 
Model building was performed with COOT (Emsley and Cowtan, 2004). A summary of 
data collection and refinement statistics are shown in Table S2. Structural images 
were prepared with PyMol (Schrödinger). 
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Transfection and imaging of HeLa cells Cells were transfected with 0.4 µg of the 
indicated plasmid DNA using Effectene transfection reagent according to the 
manufacturer’s instructions (Qiagen). After transfection cells were incubated at 37 °C, 
5 % CO2 for 16 hours. Cells were fixed by addition of 4% paraformaldehyde in PBS at 
room temperature for 10 minutes (2 ml per well for 6-well plate) and washed 3 x with 
PBS. Confocal images were collected using a Leica SP5II system with a 60× objective 
lens running Leica LAS X and are presented as maximum intensity projections. 
Alternatively, live cells were stained for 10 mins with 10 nm Lysotracker Red and single 
images acquired. Figures were assembled using ImageJ in conjunction with Adobe 
Photoshop and Illustrator. 

 
Transfection and imaging of hippocampal neurons  
Transfection of neuronal cultures was carried out at DIV 12 using Lipofectamine LTX 
(Invitrogen) according to the manufacturer’s instructions. Cells were left for 48 h before 
fixation with 4 % (v/v) paraformaldehyde in PBS at room temperature for 15 minutes 
(2 ml per well for 6-well plate) and washed 3 x with PBS. Paraformaldehyde was 
quenched with the addition of 100 mM glycine. For immunofluorescence mouse anti-
Ankyrin-G was from NeuroMab (clone N106/3) and Goat anti-Mouse Secondary 
Antibody, Alexa Fluor 568 (Thermo Fisher). Confocal images were collected using a 
Leica SP5II system with a 40× objective running Leica LAS X and are presented as 
maximum intensity projections. Figures were assembled using ImageJ in conjunction 
with Adobe Photoshop and Illustrator. 
 
Pulldown and immunoprecipitation experiments 
Biotinylated crude peptides in PBS (0.33 mg, 0.5 ml) were  added to pre-washed 
Pierce™ NeutrAvidin™ Agarose resin slurry (Thermo Scientific™) (100 µl) 
at 4°C  overnight with agitation.  Resin was then incubated with cell lysate, washed, 
and analysed by SDS-PAGE and western blot. GFP-Trap immunoprecipitation 
experiments were carried out as previously described (Yip et al., 2016) and analysed 
by western blot or processed for mass spectrometry as below. 
 
Mass Spectrometry 
The indicated immuno-isolated samples were reduced (10mM TCEP, 55°C for 1h), 
alkylated (18.75mM iodoacetamide, room temperature for 30min.) and then digested 
from the beads with trypsin (2.5µg trypsin; 37°C, overnight). The resulting peptides 
were then labeled with TMT ten-plex reagents according to the manufacturer’s 
protocol (Thermo Fisher Scientific, Loughborough, LE11 5RG, UK) and the labelled 
samples pooled and desalted using a SepPak cartridge according to the 
manufacturer’s instructions (Waters, Milford, Massachusetts, USA).  Eluate from the 
SepPak cartridge was evaporated to dryness and resuspended in 1% formic acid prior 
to analysis by nano-LC MSMS using an Ultimate 3000 nano-LC system in line with an 
Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific). The raw data files were 
processed and quantified using Proteome Discoverer software v2.1 (Thermo 
Scientific) and searched against the UniProt Human database (downloaded January 
2021: 169297 entries). Search criteria included oxidation of methionine (+15.995Da) 
as a variable modification and carbamidomethylation of cysteine (+57.021Da) and the 
addition of the TMT mass tag (+229.163Da) to peptide N-termini and lysine as fixed 
modifications. Searches were performed with full tryptic digestion and a maximum of 
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2 missed cleavages were allowed.  The reverse database search option was enabled 
and all data was filtered to satisfy false discovery rate (FDR) of 5%.     
 
 
 
QUANTIFICATION AND STATISTICAL ANALYSIS 
 
Fluorescence anisotropy   
In Figure 3; data analysis was performed using the Prism (GraphPad Software Inc., 
San Diego CA, USA) package. Data was fitted to a quadratic one-site tight binding 
equation with polarization values of the peptide and buffer alone subtracted and values 
normalised to the calculated Bmax to calculate a value for Kd accounting for ligand 
depletion (Equation 1)(Pollard, 2010). Error bars indicate 1 SD from a minimum of 3 
replicates. 
 
[𝑅𝐿]

[𝐿]𝑇𝑜𝑡
           =

([𝑅]+[𝐿]+𝐾𝑑)−√([𝑅]+[𝐿]+𝐾𝑑)2−4[𝑅][𝐿]

2[𝐿]
                                                  Equation 1 

 
Lysosome distribution analysis in HeLa cells 
In Figure 4; to quantify lysosome distribution in an unbiased fashion, widefield images 
of cells were acquired at 40× magnification. As described previously (Starling et al., 
2016), the cell perimeter was defined by thresholding equivalent saturated images and 
the cell area was scaled in 10% decrements using ImageJ. After background 
subtraction, cumulative integrated LAMP1 intensity (relative to the whole cell) was then 
plotted for increasing incremental deciles. Data points are from a minimum of 25 cells 
and are representative of at least 3 independent experiments. For analysis of the 
resulting data, the nonlinear regression function in Graphpad Prism was used to fit a 
centred 6th order polynomial. To compare models so assess the statistical 
significance of differences in distribution profiles, the extra sum of F‐squares test was 
applied. P‐values for particular comparisons are indicated on the graphs. In addition, 
the cumulative integrated LAMP1 intensity in the central 50% of the cell plotted for the 
different constructs and compared using an unpaired T-test function in Graphpad 
Prism. Error bars show S.E.M. 
 
Lysosome distribution analysis in neurons 
In Figure 4; to quantify lysosome distribution in an unbiased fashion, images of cells 
were acquired at 40× magnification. The soma perimeter was defined by thresholding 
equivalent saturated images. The axonal initial segment (AIS) was defined by 
thresholding equivalent images stained for ankyrin G. After background subtraction, 
mean LAMP1 intensity for the two areas was plotted. Data points are from a minimum 
of 12 cells and are representative of at least 3 independent experiments. To compare 
data sets we used an unpaired T-test function in Graphpad Prism. Error bars show 
S.E.M. 
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KEY RESOURCES TABLE 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Mouse anti-Ankyrin-G  NeuroMab Clone N106/3 

Goat anti-mouse secondary antibody, Alexa Fluor 568 Thermo Fisher Cat#A-11004 

Bacterial and Virus Strains  

E.coli BL21(DE3) NEB Cat#C2527I 

Chemicals, Peptides, and Recombinant Proteins 

SKIP peptide This paper n/a 

J-S(L) peptide This paper  n/a 

J-S(Y) peptide This paper n/a 

T-J-S(L) peptide This paper n/a 

T-J-S(Y) peptide This paper n/a 

5,6-Carboxytetramethylrhodamine 
   

Novabiochem CAS#98181-63-6 

Deposited Data 

KLC1TPR:KinTag structure This paper PDB: 6SWU 

KLC2TPR:SKIP structure Pernigo et al. (2013) PDB: 3ZFW 

KLC1TPR:JIP1 structure Pernigo et al. (2018) PDB: 6FUZ 

KLC1TPR:TorsinA structure Pernigo et al. (2018) PDB: 6FV0 

KLC1TPR structure Zhu et al. (2012) PDB: 3NF1 

Experimental Models: Cell Lines 

HeLa Cells University of Bristol n/a 

Experimental Models: Organisms/Strains 

Primary hippocampal neuron cultures from embryonic 
day E18 Wistar rats 

University of Bristol n/a 

Oligonucleotides 

SKIPFor 
TCGACGGCAGCACCAACCTGGAGTGGGATGATA
GCGCGATTACCGGCAGCACTGGATCAG 

This paper, Eurofins 
genomics 

n/a 

SKIPRev 
GCCGTCGTGGTTGGACCTCACCCTACTATCGCGC
TAATGGCCGTCGTGACCTAGTCCTAG 

This paper, Eurofins 
genomics 

n/a 

KinTagFor 
CGACGGCACCGTGTTTACCACCGAAGATATCTAT
GAATGGGATGATAGCGCGATTACCGGCAGCACTG
GATCAG 

This paper, Eurofins 
genomics 

n/a 

KinTagRev 
GCCGTGGCACAAATGGTGGCTTCTATAGATACTT
ACCCTACTATCGCGCTAATGGCCGTCGTGACCTA
GTCCTAG 

This paper, Eurofins 
genomics 

n/a 

Recombinant DNA 

His-KLC1TPR:KinTag (bacterial expression) This paper, Genscript n/a 

His-KLC1extTPR Yip et al. (2016), 
Pernigo et al. (2018) 

n/a 

His-KLC2extTPR Yip et al. (2016), 
Pernigo et al. (2018) 

n/a 

His-KLC1TPR Yip et al. (2016), 
Pernigo et al. (2018) 

n/a 

His-KLC2TPR Yip et al. (2016), 
Pernigo et al. (2018) 

n/a 

LAMP1-mGFP (mammalian expression) Falcón-Pérez et al. 
(2005) 

Addgene 34831 

LAMP1-SKIP-mGFP (mammalian expression) This paper n/a 
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LAMP1-KinTag-mGFP (mammalian expression) This paper n/a 

Software and algorithms 

Proteome Discover  Thermo Fisher 
Scientific Inc.  

https://www.thermof
isher.com/order/cat
alog/product/OPTO
N-30810#/OPTON-
30810 

Leica LAS X Leica Microsystems 
GmnH 

https://www.leica-
microsystems.com/
products/microscop
e-software/p/leica-
las-x-ls/ 

Adobe Photoshop Adobe Inc. https://www.adobe.
com/uk/products/ph
otoshop.html 

Adobe Illustrator Adobe Inc.  https://www.adobe.
com/uk/products/illu
strator.html 

ImageJ  Schneider et al. 
(2012) 

https://imagej.nih.go
v/ij/ 

Prism 8.0 Graphpad Software https://www.graphp
ad.com/scientific-
software/prism/ 

CCP4 suite (including REFMAC5) Winn et al. (2011) http://www.ccp4.ac.
uk 
 

COOT Emsley et al. (2004) https://www2.mrc-
lmb.cam.ac.uk/pers
onal/pemsley/coot/ 
 

xia2 Winter (2010) https://xia2.github.io
/index.html 

Phaser McCoy et al. (2007) https://www.phaser.
cimr.cam.ac.uk/inde
x.php/Phaser_Cryst
allographic_Softwar
e 

PyMOL Schrödinger Inc. https://pymol.org/2/ 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4  
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Figure S1.  Characterisation of synthetic peptides; related to Figure 2. 
Representative MALDI spectra (left) and analytical HPLC traces monitoring 
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absorbance at 220 (top) and 280 nm (bottom) (right) of discussed peptides as shown 
in table S1.  
 
 

 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
Figure S2. KLC1TPR:KinTag dimer; related to Figure 3. Cartoon representation of 
the KLC1TPR:KinTag head-to-tail dimer viewed approximately down the two-fold axis. 
KLC1TPR domains are shown in light and dark grey with helices depicted as cylinders. 
Each KLCTPR domain is formed of six helix-turn-helix TPR repeats (TPR1 α1 - α2, 
TPR2 α3 – α4, TPR3 α5 – α6, TPR4 α7 -α8, TPR5 α9 – α10, TPR6 α11 – α12) and 
two additional non-TPR helices (α N and α N’) between TPR5 and TPR6. The KinTag 
peptides are displayed as yellow sticks with nitrogen and oxygen atoms in blue and 
red, respectively. Colour-coded N and C letters indicate N- and C-termini, respectively. 
The C-terminus of KinTag peptides is behind α3 helices.  
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Fig. Sx | KLC1TPR:KinTag dimer. Cartoon representation of the KLC1TPR:KinTag head-to-tail dimer viewed approximately down the two-fold axis. 

KLC1TPR domains are shown in light and dark grey with helices depicted as cylinders. Each KLCTPR domain is formed of six helix-turn-helix TPR 

repeats (TPR1 α1-α2, TPR2 α3-α4, TPR3 α5-α6, TPR4 α7-α8, TPR5 α9-α10, TPR6 α11-α12) and two additional non-TPR helices (αN and αN’) 

between TPR5 and TPR6. The KinTag peptides are displayed as yellow sticks with nitrogen and oxygen atoms in blue and red, respectively. 

Color-coded N and C letters indicate N- and C-termini, respectively. The C-terminus of KinTag peptides is behind α3 helices.

TPR1

TPR2

TPR3

TPR4
TPR5

TPR6

TPR1

TPR2

TPR3

TPR4
TPR5

TPR6



 

35 
 

 
 
 
 
 
 

 

 
 
 
 
 
 
 
Figure S3. KinTag environment and H-bond network, related to Figure 3. The 
KinTag peptide and KLC1TPR residues with which it interacts are shown as sticks in 
yellow and grey, respectively. Nitrogen and oxygen atoms in blue and red, 
respectively. Colour-coded labels identify residue numbers. For the KinTag peptide 
the central tyrosine residue is taken as reference position (Y0). KLC1TPR helices are 
also labeled. H-bonds and salt bridges are highlighted by broken lines.  
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Fig. Sx | KinTag environment and H-bond network. The KinTag peptide and KLC1TPR residues with which it interacts are

shown as sticks in yellow and grey, respectively. Nitrogen and oxygen atoms in blue and red, respectively. Color coded labels identify residue

numbers. For the KinTag peptide the central tyrosine residue is taken as reference position (Y0). KLC1TPR helices are also labeled. H-bonds 

and salt bridges are highlighted by broken lines.
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Figure S4.  Properties of KinTag and its fusion proteins; related to Figure 4. (A) 
Live HeLa cells expressing either LAMP1-GFP or LAMP1-KinTag-GFP (shown in 
green) were stained with LysoTracker Red (shown in magenta) and imaged using a 
confocal microscope. White pixels indicate overlap in signal. i. Highlights perinuclear 
regions; ii. highlights lysosomes at the cell periphery. Scale bar is 10 µM.  (B) Western 
blot analysis of pull-down experiments using biotinylated peptides bound to 
streptavidin resin from cell lysates expressing KHC and KLC1/2. (C) Western blot 
analysis of GFP-Trap immunoprecipitation of endogenous Kif5B by a GFP-KinTag 
fusion protein. Note: apparent distortion of the GFP-bound band in lane 3 has been 
noted, checked on the original data, and most likely reflects a small crease in the 
gel/membrane. This does not affect interpretation of the data. 
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Table S1. Masses of synthetic peptides; related to Figure 2 

Peptide name Sequence Expected mass Observed mass 

Peptides from natural cargo adaptors 
  

SKIP GSTNLEWDDSAI 1718.77 1719.106 

JIP1 GPTEDIYLE 1447.54 1448.546 

De novo cargo adaptor peptides from mash-up 
design 

  

J-S(Y) GTEDIYEWDDSAI 1924.96 1926.784 

J-S(L) GTEDILEWDDSAI 1874.95 1876.147 

T-J-S(L) GTVFTTEDILEWDDSAI 2323.46 2325.057 

T-J-S(Y) ‘KinTag’ GTVFTTEDIYEWDDSAI 2373.48 2374.887 
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Abundance  

Protein GFP GFP-KinTag 

Table S2. X-ray data collection and refinement; related to Figure 3 

Data collection  

Data set   KLC1TPR:KinTag 

Beamline I03 (DLS) 

Wavelength (Å) 0.97625 

Resolution range (Å) 
Highest res. bin (Å) 

111.32-2.85  
(2.90-2.85) 

Space group P212121 

Cell dimensions (Å) 101.73, 107.53, 222.65 

Unique reflections 57529 
(2758) 

Overall redundancy 4.5  
(4.4) 

Completeness, (%) 99.3  
(97.1) 

Rmerge, (%) 11.4  
(154.3) 

Rpim (I), (%) 6.3  
(88.9) 

CC1/2, (%) 99.4  
(36.5) 

〈I/σ(I) 〉 8.0  
(1.2) 

Wilson B factor (Å2) 46.7 

Refinement 

PDB code 6SWU 

Rfactor (%)/Rfree(%) 20.1 
24.3  

# non-H atoms 13791   

rmsd bond lengths (Å) 0.008 

rmsd bond angles (°) 1.421 
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Plectin   11007.3 23097.9 

Histone H4   3393.1 10698.7 

Vimentin   4166.6 9486.3 

Histone H2B  2266.9 7105.7 

Tenascin OS   1468.5 4973.5 

Histone H3.1  1386.7 4190.9 

Histone H1.2  1367.4 3723.3 

Prelamin-A/C  2563.9 3538.3 

Voltage-dependent anion-selective channel protein 1  1325.5 3535.5 

Nucleolar RNA helicase 2  1174.2 2965.4 

Histone H1.5   1110.5 2956.9 

Histone H2A  962.7 2809.2 

DNA-dependent protein kinase catalytic subunit GN=PRKDC  1476.3 2793.6 

Epiplakin  1259.5 2715.6 

cDNA, FLJ94640,  1082.2 2465.7 

Poly [ADP-ribose] polymerase  1107.9 2385.7 

Elongation factor 1-alpha  974.9 2374.7 

SLC25A5 protein (Fragment)  1088.8 2354.3 

Tubulin beta chain  1029.8 2036.5 

Brain acid soluble protein 1  1002.8 2033.7 

      

  Abundance  

Protein LAMP1-GFP LAMP1-KinTag-GFP 

Peroxisome proliferator activated receptor interacting complex protein   9882.7 8599 

DNA-dependent protein kinase catalytic subunit  5693.8 6823.6 

Plectin  4073.9 6370.2 

Tubulin alpha-1A chain  4637.4 4685.7 

Tubulin beta chain  3472.2 3871.8 

Exportin-2 6337.2 3228.1 

BZW1 protein variant (Fragment)  3113.7 2917.1 

Exportin-1  4920 2877.5 

60 kDa chaperonin (Fragment) 2501.1 2422.1 

4F2 cell-surface antigen heavy chain  2229.7 2351.1 

Calnexin  2844.3 2310.3 

Vimentin  1083.6 1968.3 

Heat shock protein 90kDa alpha (Cytosolic), class B member 1, isoform CRA_a  2826.2 1959.5 

Histone H4  1020.1 1921.6 

Elongation factor 1-alpha 2051.2 1841.9 

Galectin  3897.3 1806.9 

Prelamin-A/C 909.5 1653.5 

Importin-7  2122.4 1390.9 

cDNA, FLJ95650,  1598.7 1363.3 

Tenascin OS 856.5 1331.7 

Transportin-1  2875.5 1328.8 

SLC25A5 protein (Fragment)  1036 1293.8 

Histone H2B  545.9 1260 

ATP synthase subunit alpha, mitochondrial  1142.6 1249.1 

Phospholipase A-2-activating protein  1783.9 1246.9 

Epididymis luminal protein 33  1282.8 1175.8 

cDNA FLJ10398 fis 1213.8 1153 

Myosin, heavy polypeptide 9, non-muscle, isoform CRA_a  1794.5 1097.9 

Poly [ADP-ribose] polymerase  768.2 1008.4 

 
 
Table S3. Mass spectrometry analysis; related to Figure 4. GFP/GFP-KinTag or 
LAMP1-GFP/LAMP1-KinTag-GFP GFP-Trap immunoprecipitates were analysed by 
LC-MS/MS and enrichment quantified through isobaric tandem mass tagging (TMT). 
Data are presented by decreasing abundance in the KinTag fusions with a cut-off at 
10-fold less than the most abundant.  
 


