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Abstract

The human chemokines CCL19 and CCL21 bind to the G-protein coupled receptor (GPCR)
CCR7 and play an important role in the trafficking of immune cells, as well as cancer metastasis.
Conserved binding sites for sulfotyrosine residues on the receptor contribute significantly to the
chemokine/GPCR interaction and have been shown to provide promising targets for new drug-
discovery efforts to disrupt the chemokine/GPCR interaction, and consequently tumor metastasis.
Here, we report the first X-ray crystal structure of a truncated CCL19 (residues 7-70) at 2.50 A
resolution, revealing molecular details crucial for protein-protein interactions. Although the overall
structure is similar to the previously determined NMR model, there are important variations,
particularly near the N-terminus and the so-called 30’s and 40’s loops. Computational analysis
using the FTMap server indicates the potential importance of these areas in ligand binding,

and the differences in binding hot spots compared to CCL21. NMR titration experiments using

a CCR7-derived peptide (residues 5-11, TDDYIGD) further demonstrates potential receptor
recognition sites, such as those near the C-terminus and 40’s loop, that consist of both positively
charged and hydrophobic residues which may be important for receptor binding. Taken together,
the X-ray, NMR, and computational analysis herein provides insights into the overall structure
and molecular features of CCL19 and enables investigation into this chemokine’s function and
inhibitor development.
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Introduction

Chemokines are a group of small (8-17 kDa) signaling proteins that direct cell migration
involved with immune response through binding to, and activation of, their associated G-
protein coupled receptors (GPCRs).! There are four chemokine subfamilies, with grouping
dependent on the number of amino acids present between conserved N-terminal cysteine
residues (CXC, CC, CX3C, and XC).2 Accordingly, the associated chemokine receptors
are classified based on which chemokine they bind to (CXCR, CCR, CX3CR, XCR).2 The
chemokine receptor CCRY7 is activated by two CC-chemokines, CCL19 and CCL21, and
activation of CCRY plays a significant role in the metastasis of some cancers; particularly,
lymphomas and leukemias.l 3-5 CCL19 differs from CCL21 in that it lacks an elongated 32
residue C-terminal tail containing a third disulfide bond; in contrast to the two conserved
disulfide bonds typically found in other chemokines.® This long C-terminal tail not only
makes CCL21 larger than CCL19, but it results in the two chemokines inducing differential
effects in the CCR7 signaling pathway.1: 3. 7.8

Activation of CCR7 by CCL19 appears to play two main roles in the manifestation of
disease states; first, by facilitating metastasis of certain forms of T-cell leukemia,? 10 and
second, through the development of a latent infection when activation is followed by HIV-1
infiltration of resting T-cells.11: 12 Development of this latent HIV-1 infection is one of the
main reasons that many effective antiretroviral drugs are unable to completely abolish the
virus.11-13 The role that CCL19 plays in both cancer metastasis and the development of
latent HIV-1 infection makes it a prime target for therapeutic development.

Chemokines form protein-protein interactions with their respective receptors, and this
interaction follows a general process of receptor activation.14 First, the flexible N-terminal
domain of the chemokine receptor recognizes and binds to the chemokine, and subsequently,
the N-terminus of the chemokine binds to the chemokine receptor, ultimately resulting

in activation of the receptor and the ensuing downstream cellular effects.14 15 A critical
component of the interactions between chemokines and their receptors is sulfonation of the
tyrosine residues located in the receptor N-terminal domain, as these sulfotyrosines impart a
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large amount of the affinity the receptor has for its chemokine ligand.16: 17 The significance
of this sulfotyrosine affinity, and the presence of a sulfotyrosine-binding pocket, appears

to be conserved across a large variety of chemokines.l 18: 19 These sulfotyrosine-binding
pockets make intriguing candidates for new drug-discovery efforts and present a better
opportunity than the generally difficult to target protein-protein binding interface.20: 21
Herein, we present the first X-ray crystal structure of CCL19, together with computational
and NMR analysis of its ligand binding hot spots. The results provide important insights into
the unique structural features of CCL19 and future inhibitor design against this chemokine.

Materials and Methods

Purification.

The truncated CCL19 sequence (UniProt ID Q99731, residues 7—70) was inserted into

a pQE30 vector (Qiagen) along with a SUMO tag (Hisg-SMT3) and transformed into
BL21/DE3 competent £. coli cells. Cells were cultured in 50 mL LB media and incubated
overnight. 10 mL of culture was diluted into 1 L of fresh LB media containing 25 pug/mL
kanamycin and 50 pg/mL ampicillin. Cells were incubated at 37 °C until reaching an ODggg
of 1.0 and were then induced with 500 uM IPTG and incubated for an additional 4 h. Cells
were then centrifuged at 5,000 x g for 10 min., and the pellet resuspended in 20 mL of

20 mM Tris pH 8.0, 300 mM NaCl, 20 mM imidazole, 0.1% p-mercaptoethanol, and a
Pierce Protease Inhibitor tablet (Thermo Scientific). The resuspended cells were then lysed
by sonication and centrifuged at 40,000 x g for 40 min. Due to CCL19 being expressed in
inclusion bodies, the protein was resuspended in 20 mL of denaturing buffer (20 mM Tris
pH 8.0, 6 M Guanidine HCI, 300 mM NaCl, 10 mM imidazole) and incubated in a 37 °C
water bath for 1 h., with occasional shaking. The sample was then centrifuged at 40,000 x g
for 40 min. and the supernatant collected and filtered.

The sample was then loaded onto a HisTrap affinity column at 1 mL/min and eluted in a
single step using Buffer A (100 mM Sodium Acetate pH 4.5, 6 M Guanidine HCI, 300

mM NaCl). The eluted sample was diluted dropwise in 200 mL refolding buffer (100 mM
Tris pH 8.0, 10 mM reduced cysteine, 0.5 mM oxidized cysteine (cystine)) and allowed to
refold overnight at 4 °C. The SUMO tag was then cleaved off using 2.4 mg of ULP1 and
overnight incubation at 30 °C. The cleaved sample was filtered and concentrated, exchanged
into Buffer B (20 mM Tris pH 8.0, 300 mM NaCl, 40 mM imidazole), and run through a
HisTrap column again at 1 mL/min to remove the cleaved SUMO tag. Eluted sample was
collected and concentrated, and then loaded onto a HiLoad 16/60 SuperDex 75 column using
Buffer C (20 mM Tris pH 8.0, 150 mM NaCl). Purified CCL19 was concentrated to 13.3
mg/mL, flash frozen, and stored at —80 °C.

Crystallization.

Purified CCL19 (13.3 mg/mL) was screened against the MPD and AmSQy, suites (Qiagen),
the JCSG + and PACT screens (Jena Bioscience), and the Berkeley and Top 96 screens
(Rigaku) through use of the Crystal Phoenix Liquid Dispensing robot (Art Robbins
Instruments). Drops were dispensed in a sitting drop tray in a 1:1 ratio (CCL19:screen), and
then incubated at 20 °C in a Rock Imager 1000 hotel (Formulatrix). Crystals appeared after
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seven days in a well containing 20% PEG 3350 and 0.2 M sodium nitrate. The condition
was scaled up and then optimized by changing the final pH of the crystallization buffer

to pH 5.5. Additionally, a drop ratio of 2 UL protein: 2 pL crystallization buffer was used
to produce the largest crystals. Crystals were then transferred to a cryo-protectant solution
(20% PEG 3350, 0.2 M sodium nitrate, 30% glycerol), harvested, and flash frozen in liquid
nitrogen.

X-ray Data Collection, Processing, and Refinement.

Diffraction data was collected using the 19-BM beamline of the Structural Biology Center
(SBC) at the Advanced Photon Source (APS), Argonne, Illinois. Data were processed using
iIMOSFLM?2 and Scala from the CCP4 suite.23 The CCP4 suite,23 Coot,24 and the PDB
REDO server (pdb-redo.eu)2> were used to complete the model building and refinement.
The PyMOL Molecular Graphics System (Version 2.4, Schrodinger, LLC) was used to
generate all images.

FTMap Analysis.

FTMap analysis was carried out using the FTMap Computational Solvent Mapping
Server (ftmap.bu.edu).28 The server docked a total of 16 different small organic

molecules (acetaldehyde; acetamide; acetone; acetonitrile; benzaldehyde; benzene;
cyclohexane; dimethyl ether; ethane; ethanol; isobutanol; isopropanol; methylamine; N,N-
dimethylformamide; phenol; urea) to the surface of the protein. The PyMOL Molecular
Graphics System (Version 2.4, Schrodinger, LLC) was used to visually inspect the results
and generate all images.

NMR Analysis.

Recombinant human [U-15N] CCL19 was expressed and purified as previously
described.l 27 Reverse phase-HPLC purified CCR7 4-9 (VTDDYI-NH2) or CCR7

5-11 (TDDYIGD-NH2) was purchased from a commercial peptide synthesis vendor.
Heteronuclear single quantum coherence (HSQC) spectra of 50 uM [U-1°N] CCL19 with
0, 25, 50, 75, 100, 200, 300, 800, 1000, 1600, and 2273 uM of either CCR7 4-9 or CCR7
5-11 were collected in the NMR facility at the Medical College of Wisconsin on a Bruker
Avance 600 MHz spectrometer equipped with a 1H/13C/15N Cryoprobe® at 25 °C in NMR
buffer (25 mM deuterated MES at pH 5.6 with 10% D,0 and 0.02% NaN3). Changes

in CCL19 backbone amide 1H (ASy) and 15N (A&y) chemical shifts in parts per million
(ppm) were combined and computed using the following formula, [5(A&)2 + (A8N)2]Y2.
Dissociation constants (K,) were determined using dose dependent changes in chemical
shift perturbations and nonlinear fitting to an equation that considers ligand depletion, as
previously described.!

Results and Discussion

X-ray crystal structure of CCL19

In order to gain a better structural understanding of CCL19 for use in structure-based drug
design, we set out to determine the X-ray crystal structure. Initial crystallization trials with
the full-length CCL19 did not produce any viable crystallization hits. In order to help
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stabilize the protein, we engineered several truncations of the flexible N and C-terminal tails.
CCL19 7-70 was crystallized in the P24 space group (PDB ID: 7STA) and the structure

was determined to 2.50 A resolution (Table 1, Fig. 1). There are four copies of the protein

in the asymmetric unit and the Ryork and Rgree are 23% and 26%, respectively (Table

1). When superimposed, there is good overall similarity amongst the four copies, with the
average B-factor for each monomer between 53-60 A2 (A - 53.61, B - 59.11, C — 54.08,
D-58.60) (Fig. 1). Additionally, all copies exhibit the canonical chemokine fold consisting
of a flexible N-terminus and N-loop, an anti-parallel three-stranded B-sheet, a C-terminal
a-helix, and a short flexible C-terminus.> However, Ser69 and Ala70 of the C-terminal tail,
and Asp7 on the N-terminal, were unable to be modeled into the density for chains B and D.
Additionally, there is significant variation among the backbone conformation for the Leul0-
Glul4 stretch of residues, with chains B and D, and chains A and C adopting similar poses.
A significant variation comes at Leu10, with there being three different conformations for
the side chain among chains A-D, likely due to the very weak density at this position, thus
indicating its flexibility. The two conserved cysteine residues (residues 8 and 9) of the CC
motif form disulfide bonds with Cys34 and Cys50 and are readily apparent in the density.
The four copies all share extremely similar conformations for the 30’s loop (Lys31-Pro37)
and 40’s loop (Thr43-Gly46), which are turns found in chemokines that connect the B-sheets
(30’s loop — B1- B2 turn; 40°s loop p2- B3 turn).

In comparison to the previously determined NMR structure of CCL19 (PDB ID: 2MP1),
the newly obtained crystal structure is similar overall. However, one of the most noticeable
differences is a shift in the position of the 30’s loop between the two structures. In the
crystal structure, the 30’s loop is bent significantly downwards and into a position that

is not observed in any of the 20 poses of the CCL19 NMR ensemble (Fig. 2). The
conformational change between the NMR and crystal structure correlates with the different
conformations of the N-terminus, which is in close contact with the 30’s loop. The two
conserved disulfide bonds near the N-terminus, involving residues 8 and 9 respectively,
adopt different conformations in the crystal structure compared to the NMR ensemble. In the
NMR structure, the large amount of flexibility demonstrated by the N-terminal tail was also
reflected in the variability of the conformation of the conserved cysteines in all 20 poses.

In comparison, in the crystal structure these disulfide bonds adopted the same conformation
in all four copies in the asymmetric unit, even though the protein backbone following the
disulfide bond in the N-terminus exhibited variations in their configurations. Notably, the
conformation of the 40’s loop remains relatively the same between all chains of the crystal
structure and the NMR ensemble, with only minor differences between the conformations
of the side chains (the flexible Arg45 in particular). The overall similarity of the crystal
structure to the NMR structure is expected. In examining the NMR ensemble, apart from
the flexible N and C-terminal regions, the conformation of the structure among the 20 poses
was quite conserved. As truncating the flexible regions in the crystal structure did not disrupt
the core of the protein, it is not surprising that the truncated CCL19 would adopt the same
chemokine fold as seen in the NMR ensemble.
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Ligand binding hot spots revealed by FTMap analysis

In a previous study,?8 we used FTMap analysis28 to probe the surface of the X-ray crystal
structure of CCL21 (PDB ID: 5EKI) for potential small molecule binding hot spots. The
FTMap server docks 16 small organic probes (see Methods for complete list of probes)

to the surface of the protein structure, and areas where these probes are found to cluster

can indicate a potential binding hot spot that can be targeted for future drug design. Due

to the similarity of CCL21 to CCL19, we compared the FTMap results from the CCL21
X-ray crystal structure to the results from our CCL19 X-ray crystal structure to determine

if there was any overlap in potential hot spots between the two structures (Fig. 3). The

initial comparison of the two results shows that potential binding hot spots between the
structures is varied, with one main region of overlap being in an area sandwiched between
the N-terminal and the end of the 40’s loop. This area contains the cluster with the highest
number of probes for CCL21 (Fig. 3B, CL01 — 31 probes) and the third highest cluster for
CCL19 (Fig. 3A, CLO03 — 16 probes). However, in the CCL21 results, there are four clusters
located in this area near the N-terminal loop (Fig 3B, CL0O1, 04, 05, 06) for a total of 58
probes, while in the CCL19 structure there are only two clusters in the general area (Fig

3A, CLO03, 04) for a total of 29 probes. It appears a downwards shift of the N-terminal loop
in the CCL19 structure prevents many of the probes from binding in this area. One of the
most obvious differences can been seen when looking at the location of the largest cluster of
probes in CCL19 (Fig. 3A, CL01 — 20 probes). Although this area near the beginning of the
a-helix contains a hot spot with the highest number of probes in CCL19, there are no probes
present in this area of the CCL21 structure, despite a very similar fold in that area for both
structures. The structural basis for this difference can be seen when viewing the amino acid
side chains. In the CCL21 structure, Lys29 protrudes upwards into this area, and appears to
block any probes from binding, while this area is open in the CCL19 structure, thus allowing
an ample number of probes to bind.

NMR analysis of receptor-derived peptide binding by CCL19

As a part of a chemokine’s activation of a chemokine receptor, binding to the receptor’s
N-terminus is important.1®: 29-37 Numerous studies have used protein NMR to investigate
the interaction of chemokines with peptides constituting the chemokine receptor N-
terminus.1® 32-37 previously, we reported on the interaction of both CCL19 and CCL21 with
the N-terminus of the CCR7 receptor as analyzed by protein NMR techniques.! 37 38 Fuchs
et al. also used microscale thermophoresis (MST) and nano differential scanning fluorimetry
(nanoDSF) to analyze the binding of fragments of the CCR7 N-terminus and found some,
like CCR7 1-10 (QDEVTDDYIG-NH,) and CCR7 4-9 (VTDDY I-NH), bound with much
greater affinity to CCL19 (Ky~ 800 and 300 nM, respectively) than the full length CCR7
N-terminus (Ky> 1 uM).3° To determine if CCR7 4-9 occupied any of the CCL19 hotspots
identified by FTMap, we monitored the interaction with [U-1°N] CCL19 in a 2D NMR
titration experiment. The resulting 15N-1H HSQC spectra are overlaid in Figure 4A where

it is apparent that most CCL19 signals are unaffected at all concentrations of CCR7 4-9
peptide. A plot of combined amide *H/X°N chemical shift perturbations at the highest
concentration of CCR7 4-9 peptide shows that only three residues exhibit shifts > 0.2

ppm. Attempts to estimate the binding affinity from nonlinear fitting of dose dependent
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chemical shift perturbations for CCL19 Y27, R45, and R47 were unsuccessful, suggesting
that binding of the CCR7 4-9 peptide is very weak and probably non-specific. We observed
nothing in the NMR titration, consistent with the sub-micromolar binding affinity reported
by Fuchs et al.

We previously used protein NMR to characterize CCL21’s interaction with a related CCR7
peptide fragment (°TDDYIGD1), which occupied a surface on the a-helix of CCL21 with
a K70f 700 pM.37 We titrated [U-1°N] CCL19 with increasing amounts of CCR7 5-11
peptide and observed substantial chemical shift perturbations for several CCL19 residues
in the HSQC spectra (Fig. 4C). Nonlinear fitting of CCR7 5-11-induced shift perturbations
yielded a Ky of 200 + 100 uM (Fig. 4D). Based on this NMR analysis, the CCR7 5-11
peptide binds CCL19 with substantially lower affinity than the longer CCR7 2-30 peptide
(12 uM) characterized previously by NMR.1

The CCR7 5-11 peptide perturbs residues throughout the CC19 sequence, but particularly
on one side of the structure, with the majority clustering in the alpha helix (Fig. 4D &

E). Many of these residues are basic amino acids or are near basic amino acids in primary
structure (Fig. 4D). As CCL19 is a basic protein, with a theoretical pl of 9.84, while CCR7
5-11 is an acidic peptide with three aspartate residues, these chemical shift perturbation
results suggest that electrostatic interactions play a dominant role in CCL19 binding of
the receptor peptide. However, there are some potential hydrophobic contacts as well, as
indicated by the perturbations of 1le21, Leu65, and Met72. Surrounded by nearby basic
residues, some of these hydrophobic residues can potentially be involved in interacting
with the tyrosine, or more than likely sulfotyrosine, in the full length, post-translationally
modified CCR7 receptor.

Conclusion

We have solved the first X-ray crystal structure of the human chemokine CCL19, one of

two ligands for the CCRY7 receptor that guides T-cells and metastatic cancer cells into the
draining lymph nodes. Our crystal structure illustrates unique structural features of CCL19,
especially in the 30’s loop, in comparison to the previously determined NMR structure.

In our previous NMR analysis of the interaction of both CCL19 and CCL21 with the
N-terminal domain of the CCR7 receptor (residues 1-30),1: 37- 38 CCR7 binding caused
chemical shift perturbations predominantly in the N-loop, third beta strand, and alpha helix
for CCL19 and CCL21.1: 3738 A shorter CCRY7 peptide corresponding to residues 5-11

also bound weakly to the a-helix of CCL21.37: 38 |n comparison, CCR7 5-11 induced
stronger shift perturbations across a larger region of the CCL19 surface but with the majority
of the perturbations clustered in the a-helix, suggesting it as one of the main regions of
contact. Interestingly, computational solvent mapping identified hot spots near the end of
the a-helix in both CCL19 (Fig. 3A, CL02 and CL07) and CCL21 (Fig. 3B, CL03 and
CLO7). This region contains both positively charged and hydrophobic residues, making it
suitable for interacting with the negatively charged aspartate residues and aromatic tyrosine
side chain on the CCR7 peptide. These results provide valuable structural insights into

the CCL19/CCL21/CCRY7 signaling axis and can facilitate future development of small
molecules targeting the chemokine-receptor interface, as demonstrated for CXCL12.28. 4043
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A)

a-helix

Figure 1. Crystal Structure of CCL19 7-70 Determined at 2.50 A Resolution.
A) Monomer structure (Chain A) of CCL19. Disulfide bonds are shown as stick in yellow.

Four monomers are present in each asymmetric unit. B) Representative electron density map
showing the disulfide bonds for CCL19 (Chain B). 2F,-F. density map (blue) is contoured
at 1.0 o. C) All four monomers in asymmetric unit superimposed. Chain A, B, C, and D

are shown in magenta, green, cyan, and orange respectively. D) Chain A of the CCL21
crystal structure (PDB ID: 5EKI, salmon) superimposed onto Chain A (magenta) and Chain
B (green) of CCL19 crystal structure (PDB ID: 7STA).
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Figure 2. Comparison of CCL19 Crystal and NMR Structures.
A) Superimposition of the CCL19 NMR structure (PDB ID: 2MP1, yellow) onto Chain A

of the CCL19 crystal structure (magenta). Disulfide bonds are shown as stick. B) Rotation
of the 30’s loop. In the crystal structure, the 30’s loop is rotated downwards compared to its
position in the NMR structure. This downwards position is not observed in any of the NMR
ensemble poses. Labels and residue numbers are shown in red for the crystal structure, and
black for the NMR structure.
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a-helix

Figure 3. FTMap Analysis of CCL19 and CCL21 Crystal Structures.
A) FTMap analysis on Chain A of the CCL19 crystal structure shows nine probe clusters

(CLO01-09) in potential hot spots. CLO1 (cyan) contains 20 probes; CLO2 (silver) contains
17 probes; CLO03 (yellow) contains 16 probes; CL04 (salmon) contains 13 probes; CL05
(light purple) contains 12 probes; CL06 (aqua) contains 6 probes; CLO7 (orange) contains
6 probes; CL08 (dark purple) contains 4 probes; CL09 (magenta) contains 2 probes.
CCL19 crystal structure is shown in green. B) FTMap analysis on Chain A of the CCL21
crystal structure (PDB ID: 5EKI) shows seven probe clusters (CL01-07) in potential hot
spots. CLO1 (cyan) contains 31 clusters; CL02 (green) contains 17 clusters; CLO3 (yellow)
contains 15 clusters; CL04 (salmon) contains 12 clusters; CL05 (dark purple) contains 8
clusters; CLO6 (light purple) contains 7 clusters; CLO7 (orange) contains 5 clusters. CCL21
crystal structure is shown in magenta.
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A) 15N-1H HSQC spectra of [U-1N] CCL19 with increasing concentrations of CCR7 4-9.
B) CCL19 chemical shift perturbations induced by the highest CCR7 4-9 concentration
plotted versus CCL19 residue number with large perturbations indicated in red. (inset)
CCL19 chemical shift perturbations plotted versus CCR7 4-9 concentration and nonlinear
fitting indicating non-specific binding for residues 27, 45, and 47. C) 15N-1H HSQC spectra
of [U-1°N] CCL19 with increasing concentrations of CCR7 5-11. D) CCL19 chemical

shift perturbations induced by the highest CCR7 5-11 concentration plotted versus CCL19
residue number with large perturbations indicated in red. (inset) CCL19 chemical shift
perturbations plotted versus CCR7 5-11 concentration and, representative, nonlinear fitting
used for Kydetermination for residues 19, 47, and 70. E) CCR7 5-11 induced chemical
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shift perturbations (red) mapped onto the CCL19 solution structure (gray with disulfides
highlighted in yellow).
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X-ray Data Collection and Refinement Statistics

Data Collection
Structure (PDB ID)
Space Group
Cell Dimensions

abc)

a, By (%)

Resolution (A)

No. Reflections
Rmerge (%)
176(1)
Completeness (%)
Redundancy
Refinement
Resolution (A)
Ruork/Riree (%)

No. Heavy Atoms
Protein
Ligand/lon
Water
B-Factors (A%
Protein
Ligand/lon
Water
Ramanchandran Plot
Most Favored Region (%)
Additionally Allowed (%)
Generously Allowed (%)

7STA
P2;

28.94
148.18
29.00
90.00
90.07
90.00
49.39-2.50 (2.64-2.50)
30636 (4601)
5.5 (29.1)
15.4 (5.0)
100.0 (100.0)
36(3.7)

37.07-2.50 (2.56-2.50)
23.4/26.3

2046

56.27
0.00
36.84

96.1
3.4
0.5

*
Values in parentheses represent highest resolution shells

Table 1.
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