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Abstract

The metamorphic protein XCL1 switches between two distinct native structures with different 

functions in the human immune system. This structural interconversion requires complete 

rearrangement of all hydrogen bonding networks, yet fold-switching occurs spontaneously and 

reversibly in solution. One structure occupies the canonical α-β chemokine fold and binds XCL1’s 

cognate G-protein coupled receptor, while the other structure occupies a dimeric, all-β fold that 

binds glycosaminoglycans and has antimicrobial activity. Both of these functions are important for 

the biologic role of XCL1 in the immune system, and each structure is approximately equally 

populated under near-physiologic conditions. Recent work has begun to illuminate XCL1’s 

role in combatting infection and cancer. However, without a way to control XCL1’s dynamic 

structural interconversion, it is difficult to study the role of XCL1 fold-switching in human 

health and disease. Thus, a molecular tool that can regulate the fractional population of the two 

XCL1 structures is needed. Here, we find by heparin affinity chromatography and NMR that an 

engineered XCL1 variant called CC5 can trigger a dose-dependent shift in XCL1’s metamorphic 

equilibrium such that the receptor binding structure is depleted, and the antimicrobial structure 

is more heavily populated. This shift likely occurs due to formation of XCL1-CC5 heterodimers 

in which both protomers occupy the β-sheet structure. These findings lay the groundwork for 

future studies seeking to understand the functional role of XCL1 metamorphosis, as well as studies 

screening for a drug-like molecule that can therapeutically target XCL1 by tuning its metamorphic 

equilibrium. Moreover, the proof of concept presented here suggests that protein metamorphosis is 

druggable, opening numerous avenues for controlling biological function of metamorphic proteins 

by altering the population of their multiple native states.
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1 | INTRODUCTION

Metamorphic proteins defy the canonical protein folding paradigm to adopt multiple, 

incompatible structures.[1–3] The human chemokine XCL1 is a metamorphic protein 

that exists as a mixture of two equally populated native state conformations under near

physiologic conditions.[4] XCL1 interconverts spontaneously and reversibly between its two 

structures,[4] which are (1) the canonical α − β chemokine fold, and (2) a 4-stranded β-sheet 

that forms a dimer (Figure 1A).[5,6] Fold 1 binds to XCL1’s receptor, XCR1 and Fold 

2 binds to glycosaminoglycans (GAGs) and has antimicrobial activity (Figure 1B).[4,7,8] 

Chemokines other than XCL1 bind their cognate receptors and GAGs using one structure. 

XCL1, however, requires both its folds to carry out these two essential functions, enabling 

XCL1 to perform its roles in the cytotoxic immune response[9–11] and thymic establishment 

of self-tolerance.[10,12] Emerging evidence demonstrates that XCL1 plays a role in fighting 

infection[7,8,13–15] and cancer.[16–19] However, it is difficult to study the biologic role of 

XCL1 metamorphosis due to XCL1’s constant, dynamic structural interconversion.

Studying XCL1 metamorphosis is further complicated by the fact that changes in certain 

environmental conditions have been found to shift XCL1’s structural equilibrium.[4,6] Under 

high sodium chloride concentrations and low temperatures, XCL1 prefers the chemokine 

fold, while under low sodium chloride concentrations and high temperatures, XCL1 prefers 

the β-sheet fold.[4,6] Under near-physiologic conditions (150 mM NaCl, 37 °C), XCL1 

occupies each structure in near-equal proportion.[4] It is also known that the presence of 

the glycosaminoglycan heparin causes an increase in the fractional population of XCL1’s 

β-sheet structure.[4] However, heparin, heparan sulfate, and other GAG oligomers are poor 

candidates for manipulating XCL1’s metamorphic equilibrium because they are nonspecific 

binding partners for most chemokines and many other cytokines and extracellular proteins. 

Binding of the heparin oligosaccharides also causes XCL1 to precipitate out of solution.[4]

To aid in parsing out the biologic roles of the two XCL1 structures, variants of XCL1 that 

lock it into each of its native conformations have been designed.[14,20] CC3 is an engineered 

XCL1 variant that is locked into the chemokine structure by the addition of a disulfide 

staple between the α-helix and the N-loop.[20] Likewise, the engineered XCL1 variant 

CC5 is locked into the β-sheet structure by the addition of an intramolecular disulfide 

staple between the β2 and β3 strands.[14] In other words, the CC5 staple is within one 

monomeric subunit of the β-sheet homodimer, not between dimer subunits. In addition to 

locking XCL1 into each structure with disulfide staples, it would be valuable to control the 

fractional population of the XCL1 structures where wild type XCL1 is already present, for 

example, in tissue culture and in vivo experiments. An XCL1-specific ligand that can shift 

its structural equilibrium in solution would be useful for biochemical and biomedical studies 

requiring real-time control of the relative population of the XCL1 structures in the presence 

of constant temperature and salt conditions (e.g., physiologic solution conditions).
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Here, we show that the engineered XCL1 variant CC5 can control XCL1’s structural 

equilibrium. Many metamorphic proteins form protein-protein interfaces that stabilize one 

of their structures relative to the other, such as Selecase, RfaH, and XCL1.[6,21,22] In 

the case of XCL1, the interface is formed between two subunits of a homodimer.[6] We 

hypothesized that when CC5 is titrated into XCL1, the excess β-sheet-stabilizing subunits 

would shift the metamorphic equilibrium by dimerizing with wild-type XCL1 molecules in 

the β-sheet conformation (Figure 1C). CC5 is unlikely to bind to the surface of XCL1’s 

homodimeric or chemokine structures because XCL1 has a high positive surface charge, 

as does CC5.[4,14] However, binding could occur during heterodimer formation between 

monomeric subunits of CC5 and XCL1’s β-sheet structure which both have apolar faces that 

can form the interface of a β-sandwich dimer (Figure 1C). Here, we show by heparin affinity 

chromatography and NMR that the presence of CC5 indeed modulates the XCL1 structural 

equilibrium, increasing the population of the β-sheet structure and decreasing the population 

of the chemokine structure. The increase in the population of the β-sheet structure likely 

occurs due to sequestration of WT XCL1 in WT XCL1-CC5 heterodimers where both 

protomers occupy the β-sheet structure. The work presented here lays the groundwork for 

therapeutically targeting protein metamorphosis in XCL1 and other metamorphic proteins.

2 | MATERIALS AND METHODS

2.1 | Protein expression and purification

XCL1, XCL1 V21C V59C (CC3), XCL1 A36C A49C (CC5), and XCL1 R43A were 

expressed and purified as previously described.[4,7,23] Briefly, each protein was expressed 

recombinantly in BL21 DE3 Escherichia coli using pET28a expression vectors. Sequences 

contained a His6-SUMO tag. Cultures were grown at 37 °C to an optical density of 0.5 

to 0.7 in terrific broth with 50 μg/mL kanamycin. Protein expression was then induced by 

addition of 1 mM isopropyl-b-D-thiogalactopyranoside (IPTG) and cultures were grown 

for 5 hours at 37 °C. Cells were harvested by centrifugation and stored at −80 °C. 

Proteins were then purified. Cell pellets were resuspended in 50 mM sodium phosphate 

(pH 8.0), 300 mM sodium chloride, 10 mM imidazole, 0.1% (v/v) β-mercaptoethanol, 

and 1 mM phenylmethylsulfonyl fluoride (PMSF). Cells were lysed with a French press. 

Inclusion bodies were collected from lysates via centrifugation at 12 000g for 20 minutes. 

Soluble fractions and resuspended inclusion bodies were further purified via Nickel column 

chromatography. After incubation of soluble and insoluble fractions with Ni2+-NTA resin 

(Qiagen) for 1 hour at room temperature, columns were rinsed, and proteins were eluted 

with 6 M guanidinium chloride, 50 mM sodium phosphate (pH 7.4), 300 mM NaCl, 500 

mM imidazole, 0.2% sodium azide, and 0.1% (v/v) β-mercaptoethanol. Eluted proteins were 

then refolded via infinite dilution refolding into 20 mM Tris (pH 8.0), 200 mM NaCl, 10 

mM cysteine, and 0.5 mM cystine and incubated at room temperature overnight with gentle 

stirring. Refolded protein solutions were concentrated to ~50 mL. The His6-SUMO fusion 

tag was then removed by ULP1 protease cleavage overnight and separated from the protein 

of interest using cation exchange chromatography on SP Sepharose Fast Flow resin (GE 

Healthcare UK Ltd.). High performance liquid chromatography with a C18 column was 

used as a final purification step. Proteins were the frozen and lyophilized. Matrix-assisted 
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laser desorption ionization time-of-flight (MALDI-TOF) spectroscopy was used to confirm 

sample purities, identities, and homogeneities.

2.2 | Heparin affinity chromatography

Heparin-sepharose chromatography was used to measure XCL1 GAG binding affinity as 

previously described.[23–26] In brief, protein samples were prepared in 20 mM phosphate 

(pH 6.0) and loaded onto a 1 mL HiTrap Heparin HP column (GE Healthcare Life Sciences) 

attached to an AKTA chromatography system (GE Healthcare Life Sciences). Elution with 

a linear 0 to 1 M NaCl gradient in 20 mM phosphate (pH 6.0) was monitored by recording 

the absorbance at 280 nm (in AU, Absorbance Units). For individual protein samples, 400 

μg (CC3) or 200 μg (all others) of protein in 1 mL of 20 mM phosphate (pH 6.0) was loaded 

onto the column. For titrations, 200 μg of XCL1 or XCL1 R43A were mixed with 200 μg 

CC5 (1:1 samples) or 1000 μg CC5 (5:1 samples) to a total volume of 1 mL in 20 mM 

phosphate (pH 6.0) and loaded onto the column.

2.3 | 2D 15N-1H heteronuclear single quantum coherence NMR experiments

Lyophilized protein was resuspended in 20 mM sodium phosphate (pH 6.0), 200 mM NaCl, 

and 10% D2O. Samples were prepared with: (1) 100 μM 15N XCL1 (0:1 CC5:XCL1), 

(2) 100 μM 15N XCL1 and 50 μM unlabeled CC5 (0.5:1 CC5:XCL1), (3) 100 μM 15N 

XCL1 and 100 μM unlabeled CC5 (1:1 CC5:XCL1), and (4) 100 μM 15N XCL1 and 500 

μM unlabeled CC5 (5:1 CC5:XCL1). Heteronuclear single quantum coherence (HSQC) 

Spectra were then collected at 40 °C on a Bruker 600 MHz spectrometer and processed with 

NMRPipe.[27]

2.4 | Calculation of fractional structural occupancy

Intensities of HSQC peaks in the characteristic regions for G44 and W55 were used 

to estimate relative populations of the two XCL1 conformations, as these peaks are 

well separated from (a) peaks from other residues and (b) peaks from the same residue 

in different XCL1 conformations, avoiding any potential interference. Intensities were 

measured using CARA.[28] For each residue, intensities for the peak from the chemokine 

fold, β-sheet fold, and third species that appears when XCL1 is exposed to CC5 (likely 

an XCL1-CC5 heterodimer species) were summed (total intensity; 100%). The intensity of 

each peak was then divided by this total value as a proxy for the relative population of the 

structure from which the peak arises.

3 | RESULTS AND DISCUSSION

3.1 | CC5 shifts XCL1’s structural equilibrium as measured by heparin affinity 
chromatography

The XCL1 β-sheet structure binds GAGs such as heparin with much higher affinity than 

its chemokine structure.[4] Heparin binding can be analyzed by monitoring elution from a 

heparin-sepharose column. In this assay, XCL1’s two structures have distinct elution profiles 

due to their different heparin affinities, and elution peak volumes can be monitored as 

a proxy for fractional population of XCL1’s different native structures.[24] We thus used 
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heparin affinity chromatography to assess for changes in relative occupancy of XCL1’s 

structures in response to addition of CC5.

We hypothesized that as increasing concentrations of CC5 were titrated into XCL1, the 

elution peak from XCL1’s chemokine structure would decrease in volume. This would 

indicate a decrease in the fractional population of the chemokine conformation as the 

β-sheet structure is stabilized. The elution peak from the β-sheet structure is expected 

to increase significantly in volume because CC5 elutes at a similar salt concentration as 

the XCL1 β-sheet structure. Control experiments were performed with CC5, as well as 

with CC3 which elutes at the same position as the first peak in the XCL1 chromatograph 

(Figure 2A). We found that titration of one and five equivalents of CC5 into XCL1 caused 

a dose-dependent decrease in the volume of the first peak in XCL1’s heparin affinity 

chromatograph, indicating that the chemokine fold was depleted in response to CC5 (Figure 

2B). This shift, however, was somewhat difficult to detect, because the elution peak from 

XCL1’s chemokine structure is small even in the absence of CC5.

Therefore, we repeated heparin affinity chromatography experiments with an XCL1 variant 

(XCL1 R43A) with a higher fractional population of the chemokine structure, increasing 

the intensity of the first elution peak.[24] Notably, this mutation also alters the heparin 

binding affinity of the β-sheet structure, changing its chromatographic fingerprint (Figure 

3). Specifically, the XCL1 R43A chromatograph shows an elution peak from the chemokine 

structure at ~450 mM NaCl and the β-sheet structure at ~540 mM NaCl (Figure 3). Upon 

titration of CC5 against XCL1 R43A, both of these peaks decrease in volume (Figure 3). 

This is likely due to formation of XCL1 R43A-CC5 heterodimers which bind to heparin 

with higher affinity than XCL1 R43A but lower affinity than CC5, and thus have distinct 

elution signatures (Figure 3). These results suggest that CC5 depletes the XCL1 R43A 

chemokine structure. This may occur due to formation of XCL1 R43A-CC5 heterodimers in 

which both protomers occupy the β-sheet structure.

3.2 | CC5 controls XCL1’s metamorphic equilibrium as measured by 2D 15N-1H HSQC 
experiments

Changes in XCL1’s conformational equilibrium can be measured in more detail using 

2D 1H-15N NMR HSQC experiments. XCL1’s distinct structures have different HSQC 

fingerprints[6] (Figure S1A), and HSQC peak intensities can be used to quantify the relative 

population of the two XCL1 structures. Using HSQC experiments, we monitored changes 

in 15N XCL1’s fractional structural population in response to addition of unlabeled CC5. 

We found that upon titration of increasing quantities of CC5 into XCL1, the HSQC peaks 

from the XCL1 chemokine fold decrease in intensity and eventually disappear (Figures 4 

and S1). Peaks from the β-sheet structure intensify, and in some cases, new peaks adjacent 

to the β-sheet peaks appear and intensify (Figures 4 and S1). This is particularly visible in 

a known diagnostic region for XCL1’s folded conformation,[4] shown in Figure 4A, where 

a new peak for A49 appears adjacent to the A49 peak from the XCL1 β-sheet structure and 

intensifies in response to titration of increasing concentrations of CC5). Similar transitions 

occur for the signals for G44 and the W55 indole NH, previously identified as diagnostic 

reporters of XCL1’s metamorphic equilibrium (Figure 4B). We tentatively assigned the new 
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peaks to a XCL1-CC5 heterodimeric species, where both protomers are in the β-sheet fold, 

and in which these residues occupy similar, but detectably distinct, chemical environments.

Next, we quantified fractional populations of the two XCL1 structures. Certain reporter 

residues are particularly well suited for this purpose because their HSQC peaks are well 

resolved from one another as well as from other peaks. One such reporter residue is Glycine 

44, which is located in a loop in XCL1’s chemokine fold and a β-strand in XCL1’s 

β-sheet fold (Figure 1A). A second reporter peak arises from the indole NH of XCL1’s 

sole tryptophan, W55. In the chemokine fold, W55 is located in the α-helix, whereas in the 

β-sheet structure, W55 is in a disordered region (Figure 1A). We calculated peak intensities 

for both G44 and W55 after addition of 0, 0.5, 1, and 5 equivalents of CC5 to XCL1, and 

used peak intensities as a proxy for fractional occupancy of XCL1’s structures (Figure 4B). 

We found that the chemokine fold decreases from >50% occupancy to <40% occupancy 

after addition of 1 equivalent of CC5, and finally to <5% occupancy after addition of 5 

equivalents of CC5 (Figure 4C). The population of WT XCL1 β-sheet homodimers also 

decreases in response to addition of CC5. The fractional intensity of the new peaks adjacent 

to the β-sheet peaks increases from ~35% after addition of 0.5 equivalents of CC5 to nearly 

80% after addition of 5 equivalents (Figure 4C). Together, this data supports the hypothesis 

that CC5 enriches XCL1’s β-sheet conformation and depletes its chemokine conformation, 

likely by forming stable XCL1-CC5 heterodimers in which both protomers are in the β-sheet 

conformation. As such, the population of WT XCL1 β-sheet structure homodimers is also 

reduced.

4 | CONCLUSIONS

XCL1 is a metamorphic protein with two distinct native states that have different biologic 

functions. In this work, we show by heparin affinity chromatography and 2D NMR that an 

engineered XCL1 variant called CC5 can modulate the relative population of the two XCL1 

structures. We propose that CC5 does this by forming stable heterodimers with XCL1’s 

β-sheet structure, in which both protomers occupy the β-sheet structure. CC5 can be used 

going forward as a molecular tool by which to regulate XCL1’s dynamic interconversion, 

allowing for studies that further elucidate the biologic roles of XCL1 metamorphosis, for 

example, in fighting infection and cancer.

Demonstrating that XCL1 interconversion can be controlled by titration of an exogenous 

molecule lays the groundwork for drugging XCL1 by shifting its structural equilibrium with 

traditional drug-like molecules. This could occur via selective binding and stabilization of 

the monomeric chemokine structure or by acting as a chemical inducer of dimerization that 

promotes a shift to the all-beta structure analogous to the CC5-induced effects observed 

in this study. Examples of well-characterized chemical inducers of dimerization can bind 

their targets with low nanomolar affinity and induce dimerization even when the inherent 

propensity for dimerization in the absence of drug is low. For example, FK506 (aka 

Tacrolimus) is a sub-nanomolar FKBP ligand that induces dimerization with calcineurin.[29] 

Another chemical inducer of dimerization, mandipropamid, induces dimerization between 

the plant ABA receptor PYR1 and PP2C HAB1 thus inhibiting PP2C activity with an 

EC50 in the low nanomolar range.[30] Therefore, we can envision a chemical inducer of 
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dimerization for XCL1 which is effective at nanomolar concentrations. XCL1 is known to be 

secreted by activated T Cells in nanogram quantities.[31] To reach saturating concentrations 

of a chemical inducer of dimerization with a low nanomolar affinity for XCL1 would require 

likely ligand concentrations in target tissues in the nanomolar to micromolar ranges which 

are commonly achieved with small molecule drugs.

Additionally, a new variant of XCL1 could be designed, which is locked in the β-sheet 

structure but selectively heterodimerizes with WT XCL1. Theoretically, the residues 

making up the core of the CC5 dimer could be repacked to discourage CC5 dimerization 

and enhance WT XCL1-CC5 heterodimerization. However, this would likely only be 

accomplished after significant design and screening efforts. A conceptually simpler 

approach would be to append a domain to the CC5 C-terminus that selectively binds to 

the WT XCL1 C-terminus, driving up local concentrations of the new locked variant in 

proximity to WT XCL1 and facilitating heterodimerization.

More broadly, controlling XCL1’s metamorphic interconversion demonstrates the principle 

that protein metamorphosis can be drugged, illuminating a novel therapeutic mechanism 

with numerous potential advantages. Depleting rather than inhibiting a pathogenic molecule 

has recently emerged as a promising, unconventional therapeutic strategy with several 

advantages over the classical model of binding and inhibiting target molecules. For example, 

Proteolysis-targeting chimeras (PROTACs) are drugs that hijack the E3 ubiquitin ligase 

system to mediate proteasomal degradation of a pathogenic target protein.[32–34] PROTACs 

have been shown to act with high stringency and can be used to target proteins that might 

otherwise have been considered “un-druggable.”[32–34] Therapies that target metamorphosis 

offer similar advantages by mechanistically employing the same “depletion not inhibition” 

strategy used by PROTACs. Drugs targeting metamorphosis would essentially delete the 

pathogenic conformation of a metamorphic protein by converting the drug-bound target 

molecule to a functionally inert structure. However, drugs that alter a protein’s metamorphic 

equilibrium will bring additional advantages such as reversibility and independence from 

cellular machinery. While reversing the effect of a PROTAC requires synthesis of new target 

protein, drugs that target metamorphosis would act reversibly because the target protein’s 

structural equilibrium would return to normal after the drug is eliminated. Additionally, 

drugs targeting metamorphosis will not rely on additional cellular machinery to carry out 

their effects, vs PROTACs which require the E3 ubiquitin ligase system and proteasomal 

degradation system in order to execute their function.[32–34] Finally, in a case where a 

metamorphic protein’s multiple structures carry out multiple biologic functions, depleting 

only the pathogenic structure would allow for the other structure to persist and continue to 

execute its physiologic role.

While fewer than 100 metamorphic proteins have been identified to date, it is estimated 

that metamorphic proteins make up as much as 4% of the PDB.[3] Moreover, known 

metamorphic proteins are involved in critical biologic processes such as cell cycle 

regulation,[35,36] circadian rhythms,[37] and transcription/translation,[22] as well as disease 

processes such as cancer.[38–58] As increasing numbers of metamorphic proteins are 

discovered with diverse roles in human health and disease,[3] therapeutically targeting 

protein metamorphosis is emerging as a unique, attractive option for blocking or altering 
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protein function.[2,59] The work presented here lays the foundation for efforts toward such 

therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Model for tuning XCL1’s metamorphic equilibrium. A, The two XCL1 native structures. 

Chemokine structure (monomer): dark gray, left. β-sheet structure (dimer): subunit A, dark 

teal/subunit B, light teal. Reporter residues G44 (purple) and W55 (gold) are highlighted. 

B, Shifting the relative population of XCL1 structures could alter XCL1 function. The 

chemokine structure is responsible for receptor binding, while the β-sheet structure is 

responsible for GAG binding and antimicrobial activity. C, Schematic of a possible 

mechanism by which CC5 could control XCL1’s structural equilibrium via the formation 

of stable XCL1-CC5 heterodimers. CC5 (dimer): subunit A, dark orange/subunit B, light 

orange; XCL1 β-sheet fold (dimer): subunit A, dark teal/subunit B, light teal
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FIGURE 2. 
A, Heparin column chromatographs for an engineered, locked chemokine fold variant of 

XCL1 (CC3), a locked β-sheet fold variant of XCL1 (CC5), and XCL1. B, Heparin column 

chromatographs for XCL1 alone and after addition of 1 and 5 equivalents of CC5. The peak 

from the chemokine structure decreases in volume as more CC5 is added
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FIGURE 3. 
Heparin affinity chromatography during titration of CC5 against XCL1 R43A. The XCL1 

R43A chromatograph shows a peak from the chemokine structure that elutes at ~450 mM 

NaCl, and a peak from the β-sheet structure that elutes at ~540 mM NaCl. As CC5 is titrated 

against XCL1 R43A, both peaks decrease in volume
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FIGURE 4. 
A, A diagnostic region of the XCL1 HSQC spectrum with peaks from the chemokine fold 

labeled in dark gray and peaks from the β-sheet fold labeled in teal. A49, highlighted in 

a teal box, shows the appearance of a second peak adjacent to the peak from the β-sheet 

fold, likely from an XCL1-CC5 heterodimeric species. B, HSQC spectra zoomed in on 

the G44 (top) and W55 (bottom) reporters during titration of unlabeled CC5 against 15N 

XCL1. Conditions for A and B: 40 °C, 200 mM NaCl, pH 6.0, 100 μM XCL1. C, Relative 

population of XCL1 structures, as measured by % contribution to total peak intensities 

(values calculated for G44 and W55 reporters, then averaged)
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