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Binding to the Chemokine RANTES
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Abstract: UL22A is an 83 amino acid chemokine-binding
protein produced by human cytomegalovirus that likely assists
the virus in dampening the host antiviral response. We
proposed that UL22A is sulfated on two tyrosine residues
and tested this hypothesis through the chemical synthesis of
a small library of differentially sulfated protein variants. The
(sulfo)proteins were efficiently prepared using a novel bselenoleucine motif to facilitate one-pot ligation–deselenization chemistry. Tyrosine sulfation of UL22A proved critical for
RANTES binding, with the doubly sulfated variant exhibiting
an improvement in binding of 2.5 orders of magnitude
compared to the unmodified protein.

Chemokines are chemoattractant cytokines that are pro-

duced at the site of infection or injury. They are secreted into
the vasculature where they activate chemokine receptors
located on the surface of circulating leukocytes, thereby
inducing leukocyte chemotaxis along the chemotactic gradient, a critical component of the inflammatory response.[1]
Chemokines are classified into two major (CC and CXC) and
two minor (XC and CX3C) families based on conserved
sequence motifs, but they may also be subdivided according to
the functional activity that they orchestrate. Inflammatory
chemokines are upregulated in response to tissue damage,
whereas homeostatic chemokines direct leukocyte migration
during normal immune surveillance and development.
Considering this exquisite control of inflammatory and
immune responses within mammalian systems, it is perhaps
not surprising that pathogens have evolved mechanisms to
evade the host immune response coordinated by chemokines.[2] Indeed, it is now known that a number of mammalian
viruses, including poxviruses and herpesviruses interfere with
chemokine-receptor signaling through the production of
chemokine mimics or chemokine-receptor mimics, or through
the expression of chemokine-binding proteins (CKBPs).[3]
CKBPs are soluble proteins that do not possess structural
homology to chemokines or their receptors and are capable of
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modulating signaling through the chemokine receptor axis by
directly binding to chemokines.[3a, 4]
A CKBP from human cytomegalovirus (HCMV), called
UL22A (or UL21.5), has been shown to selectively bind to
CC chemokine ligand 5 (CCL5), which is also called
RANTES (regulated on activation, normal T-cell expressed
and secreted).[5] RANTES is an inflammatory chemokine that
signals through the receptors CCR1, CCR3, and CCR5 and
plays a critical role in the recruitment of a range of leukocytes,
including T cells, basophils, eosinophils, and macrophages to
inflammatory sites. Together with T-cell-secreted cytokines
such as IL-2 and IFN-g, RANTES also induces the activation
and proliferation of natural killer cells to generate CC
chemokine-activated killer cells. It has been demonstrated
that the mRNA encoding the 83-residue UL22A protein is
packaged into virions and it is hypothesized that the protein is
expressed and secreted by HCMV to modulate the host
antiviral response mediated through RANTES signaling as
depicted schematically in Figure 1.

Figure 1. Schematic illustration showing: expression, processing, and
secretion of UL22A (blue) by an HCMV-infected cell and UL22A
binding to the chemokine RANTES (red), thereby inhibiting the ability
of RANTES to bind and activate chemokine receptors (black), and thus
inhibiting downstream leukocyte chemotaxis.

The selective RANTES binding exhibited by UL22A has
a number of potential therapeutic applications. Given that the
overexpression of RANTES results in excessive leukocyte
recruitment and is associated with the pathologies of numerous inflammatory diseases, including asthma, arthritis, atherosclerosis, renal disease, AlzheimerQs disease, and a variety of
cancers,[6] CKBPs such as UL22A could serve a beneficial role
in the control of inflammatory processes driven by this
chemokine. Moreover, the ability to selectively suppress the
response of a single chemokine would have important
implications for anti-inflammatory agents with safer therapeutic profiles.
Given our interest in chemokine/chemokine-receptor
interactions, we were intrigued by the binding selectivity of
UL22A to a single chemokine (RANTES). Indeed, this
selectivity has not been observed for chemokine-binding
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Figure 2. Schematic of the UL22A sequence showing the acidic sequence of amino acids (D60–D70) surrounding two Tyr residues (Y65 and Y69)
that are predicted to be sulfated, and the V71–L72 junction (orange and dotted line) selected for ligation-based assembly. Note: The sequence is
numbered from amino acid 21 owing to cleavage of a signal peptide (MARRLWILSLLAVTLTVALA) to form mature UL22A(21–103).[7]

proteins from other organisms and, in general, chemokines
themselves do not signal through a single receptor axis. Upon
inspection of the amino acid sequence of UL22A, we noted
two tyrosine (Tyr) residues (Y65 and Y69 in Figure 2) that
were embedded within an acidic sequence possessing six
acidic aspartate and glutamate amino acids from residues 60–
70 in the cysteine-free protein. Given the importance of
sulfation of the N terminus of chemokine receptors for tight
binding to cognate chemokines through their positively
charged N-terminal extracellular domain,[8] we predicted
that sulfation of Tyr 65 and Tyr 69 of UL22A would occur in
HCMV-infected cells in vivo and would lead to a substantial
improvement in binding to the chemokine RANTES. Indeed,
it has been hypothesized that HCMV proteins (as well as
other animal virus proteins) are capable of being modified in
the host cell trans-Golgi apparatus during replication,[9] and
UL22A has already been predicted to be glycosylated.[5]
Owing to the enzymatic nature of sulfation,[10] it is likely
that UL22A would be produced as a heterogeneous mixture
of four isoforms; unsulfated (1), monosulfated on Tyr 65 (2),
monosulfated on Tyr 69 3, and disulfated (on both Tyr 65 and
Tyr 69, 4) (Figure 2). To test this hypothesis, we set out to
assess the effect of Tyr sulfation on Y65 and Y69 of UL22A on
chemokine binding. Towards this end, we report herein the
development of an efficient one-pot chemical synthesis of
homogeneously sulfated variants of UL22A, together with
binding studies with RANTES. We demonstrate that sulfation
has a dramatic effect on the affinity of UL22A for the
chemokine, providing new insights for the development of
peptides to target chemokine-modulated diseases in the
future.
In order to access homogeneously modified UL22A
proteins, we turned to the use of Fmoc solid-phase peptide
synthesis (Fmoc-SPPS) in combination with peptide ligation
methods.[11] Given the absence of Cys residues in UL22A and
a dearth of suitably placed Ala residues to facilitate native
chemical ligation[12] or ligation–desulfurization chemistry,[11c, 13] respectively, we chose to disconnect the protein
into two fragments; UL22A(21–71) (5–8) possessing differential sulfation patterns at the two putative Tyr sulfation sites
and functionalized as a C-terminal selenoester, and UL22A(72–103) (9) bearing an N-terminal b-selenoleucine [(b)SeLeu] (Scheme 1). Owing to the high acid lability of the
tyrosine sulfate ester moiety, the functionality must be
protected during SPPS. As such, we proposed the use of the
acid-stable neopentyl ester protecting group on the sulfated
Tyr residues in 5–8, which could be removed following
assembly of the protein.[14] We envisaged assembling the
Angew. Chem. Int. Ed. 2017, 56, 8490 –8494

fragments through a novel one-pot (b)-SeLeu-mediated
ligation–deselenization, inspired by the selenocystine–selenoester approach recently reported.[15] Given the rapid

Scheme 1. Synthesis of homogeneous UL22A (sulfo)proteins 1–4
through one-pot ligation-deselenization. Ligation: peptide selenoester
(5, 6, 7, or 8, 1.2 equiv), diselenide dimer peptide 9 (1.0 equiv, 5 mm
with respect to selenopeptide monomer), 6 m Gn·HCl, 100 mm
Na2HPO4, 1.5 equiv TCEP, 50 mm diphenyldiselenide (DPDS), pH 6.2–
6.5, 25 8C, 1 h (nP protecting groups on Y65 and Y69 were labile under
the ligation conditions and afforded some of the free aryl monosulfate
ester products as judged by UPLC-MS analysis). Product I is observed
as the monomeric selenol during UPLC–MS analysis. Deselenization:
hexane extraction of DPDS, degassed under argon, 6 m Gn·HCl,
100 mm Na2HPO4, 250 mm TCEP, 250 mm DTT, pH 5.1–5.5, 25 8C,
16 h (nP protecting groups were completely cleaved under these
conditions to afford homogeneous sulfate monoester products); HPLC
purification: 0.1 % formic acid or trifluoroacetic acid, H2O/MeCN,
XBridge Peptide BEH Prep C18 300 b 5 mm 10 W 250 mm column.
PMB = p-methoxybenzyl.
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reaction kinetics of the ligation method at selenocystine, we
anticipated that the ligation would proceed smoothly, despite
the sterically encumbered Val–Leu ligation junction selected
(which would be challenging to construct efficiently with
a traditional native chemical ligation approach[16]). Our
synthetic endeavours began with the preparation of suitably
protected (b)-SeLeu 10, which was achieved in 8 steps as
a single diastereomer from commercially available GarnerQs
aldehyde in good overall yield (see Supporting Information
for synthetic details and characterization). Synthesis of
(sulfo)peptide selenoester fragments 5–8 was achieved on
a 2-chlorotrityl chloride resin through standard Fmoc-SPPS
methods as we have reported previously[15b] (see the Supporting Information for synthetic details). Sulfated tyrosine
residues were incorporated using the commercially available
neopentyl-protected sulfotyrosine cassette [Fmoc-Tyr(OSO3CH2C(CH3)3)-OH].[14] Gratifyingly, following reversephase HPLC purification, each of the differentially sulfated
51-mer peptide selenoesters were isolated in excellent yield
(19–26 %) based on the original resin loading (102 resinbound synthetic steps). Selenopeptide dimer fragment 9 was
also synthesized through Fmoc-SPPS, incorporating the (b)SeLeu building block 10 on the N terminus. Following
acidolytic side-chain deprotection (including deprotection of
the PMB ether on the (b)-SeLeu) and cleavage from the resin,
dimeric peptide 9 was isolated in 30 % yield.
With the desired modified fragments in hand, we next
embarked on the ligation-based assembly of the differentially
sulfated UL22A proteins. Initially, we performed the ligation
by dissolving both fragments in aqueous denaturing buffer
(6 m Gn·HCl, 100 mm Na2HPO4) without the addition of any
additives, as we have recently reported for reactions at
selenocystine.[15a] Unfortunately, whilst the desired product
was observed (ca. 10 %), the rate of reaction was sluggish and
was complicated by competing selenoester hydrolysis. We
rationalized that the slow reaction kinetics was a result of the
sterically encumbered dimeric (b)-SeLeu moiety present on
the N terminus of 9. We therefore opted for the use of
a reductant to generate the monomeric selenol in situ, which
could react with selenoesters 5–8 under a traditional native
chemical ligation pathway. In our hands, the use of a thiolbased reductant, for example, DTT, led to slow ligation rates
and a complicated product mixture owing to the generation of
selenylsulfides. As such, we opted for the use of the watersoluble phosphine reductant tris-carboxyethylphosphine
(TCEP), in combination with the radical scavengers diphenyldiselenide (DPDS)[15a] or ascorbic acid[17] to hinder the
TCEP-promoted deselenization of the b-seleno moiety from
9.[18] Gratifyingly, optimal conditions using TCEP (1.5 equiv.
with respect to 9) and DPDS (50 mm) were found that
provided the desired ligation products (general structures I
and II, Scheme 1) with minimal deselenization of starting
selenopeptide 9 (< 10 %) in trial ligation reactions with
unsulfated selenoester 5 (see the Supporting Information for
details).
With optimized conditions in hand, 9 was ligated with the
four differentially sulfated peptide selenoesters 5–8 under the
additive ligation conditions (6 m Gn·HCl, 0.1m Na2HPO4,
pH 6.2–6.5, 1.5 equiv TCEP, 50 mm DPDS). After only 1 h,
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each of the ligation reactions had reached completion (as
judged by UPLC-MS analysis). The facile nature of this
reaction was particularly impressive given the sterically
encumbered nature of the Val–Leu ligation junction. As was
the case with the parent ligation reaction at selenocystine,[15a]
two products were generated: the symmetrical diselenide
product I and the asymmetric diselenide product II, which
were formed in a ratio of approximately 2:3 (see the
Supporting Information). In addition, the ligation conditions
led to partial deprotection of the neopentyl protecting groups
on the sulfotyrosine residues. This product mixture was
inconsequential for the efficiency of the protein synthesis.
Following in situ treatment with TCEP and DTT for 16 h,
complete deselenization of the b-Se-Leu moiety into native
Leu occurred, as well as deprotection of the neopentyl
protecting groups (see Figure 3 A for crude UPLC trace of the
one-pot ligation–deselenization reaction to afford sulfated
UL22A 3). Following reverse-phase HPLC purification, the
library of differentially sulfated UL22A proteins 1–4 were
isolated in excellent yield (51–58 % over the two steps). It

Figure 3. A) crude UPLC trace of the ligation between sulfopeptide
selenoester 7 and selenopeptide 9 followed by in situ deselenization. *
corresponds to buffer salts and TCEP = Se. B) UPLC trace of purified
sulfated UL22A 3 (sulfated on Y69). C) ESI mass spectrum of sulfated
UL22A 3. # denotes a molecular ion with the loss of SO3 in mass
spectrometer. D) MALDI-TOF spectrum of sulfated UL22A 3.

should be noted that 0.1 vol % formic acid was used in the
HPLC eluents (see the Supporting Information). As such,
fractions containing the desired sulfoproteins (determined by
UPLC-MS) were lyophilized immediately to prevent loss of
the acid labile sulfate ester modifications following purification. Exemplar data for purified monosulfated UL22A 3 are
shown in Figure 3 B–D (see the Supporting Information for
analytical data for synthetic UL22A proteins 1, 2, and 4).
With homogeneously sulfated UL22A proteins 1–4 in
hand, we next tested our hypothesis that tyrosine sulfation of
the UL22A protein would enhance binding affinity for
RANTES. This was accomplished using a competitive fluorescence anisotropy assay in which a fluorescent sulfopeptide
derived from the CCR3 receptor (Fl-R3D) was displaced
from RANTES by increasing concentrations of UL22A,
thereby causing a reduction in the fluorescence anisotropy of
the sulfopeptide (see Figure 4 and the Supporting Informa-
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Figure 4. Binding of synthetic UL22A (sulfo)proteins 1–4 to human
RANTES. Fluorescence anisotropy binding curves show that sulfation
of UL22A at Tyr 65 and/or Tyr 69 strongly improves the binding affinity
for RANTES. Dose–response curves are shown for binding of RANTES
by increasing concentration of different UL22A isoforms with Fl-R3D
as a probe (displacement of Fl-R3D from RANTES using purified
UL22A isoforms) and error bars represent SEM values.

tion).[19] Fitting the displacement data to a competitive
inhibition equation indicated that the concentration of
unsulfated UL22A 1 required for 50 % displacement of the
fluorescent sulfopeptide (IC50) was 4.9 : 0.5 mm (Table 1).
Similar displacement of the fluorescent competitor was
Table 1: IC50 values for binding of UL22A (sulfo)proteins 1–4 to human
RANTES and MCP-1. Errors show standard error of the mean (SEM) of
experiments performed in triplicate.
UL22A isoforms

IC50 [nm] RANTES

IC50 [nm] MCP-1

unsulfated (1)
sY65 (2)
sY69 (3)
sY65sY69 (4)

4900 : 500
166 : 13
131 : 10
12.6 : 1.2

19 100 : 5300
1900 : 200
1900 : 200
130 : 20

achieved with much lower concentrations of sY65-monosulfated UL22A 2 (IC50 = 166 : 13 nm), sY69-monosulfated
UL22A 3 (131 : 10 nm), or sY65sY69-doubly sulfated
UL22A 4 (12.6 : 1.2 nm). It should be noted that a previous
study has reported the “apparent Kd” between RANTES and
UL22A (expressed in mammalian cells) to be 0.32 nm ;[5] the
higher IC50 value in the current assay results from the high
chemokine concentration (100 nm) required for the competitive fluorescence assay. Our binding data demonstrate that
the addition of a single sulfate group to either tyrosine residue
enhances binding affinity by around 30–40-fold and sulfation
of both Tyr residues enhances affinity around 400-fold. We
next interrogated the binding affinity of the differentially
sulfated UL22A proteins against monocyte chemoattractant
protein-1 (MCP-1/CCL2), a chemokine involved in regulating
the migration and infiltration of monocytes and macrophages.
While sulfation also enhanced the binding of UL22A to MCP1, all forms of UL22A bound around 10-fold more weakly to
MCP-1 than to RANTES, which is consistent with the
previous report that UL22A is a selective binder of
RANTES[5] (Table 1 and Supporting Information). Importantly, these data support our hypothesis and demonstrate for
Angew. Chem. Int. Ed. 2017, 56, 8490 –8494
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the first time that the sulfation of UL22A enhances chemokine binding affinity. Future work in our laboratories will seek
to identify whether this phenomenon is common across other
CKBPs.
In summary, we have described an efficient one-pot
chemical synthesis of a library of four homogeneously
sulfated chemokine binding UL22A proteins from human
cytomegalovirus (HCMV) using a novel b-selenoleucinemediated peptide ligation reaction followed by deselenization
chemistry. Competitive fluorescence anisotropy binding
assays using the synthetic UL22A (sulfo)proteins indicated
that the sulfation of tyrosine residues substantially enhances
the binding affinity for the chemokine RANTES, with more
than two orders of magnitude improvement in affinity for the
doubly sulfated UL22A compared to the unsulfated counterpart. We were also able to show that unmodified UL22A and
sulfated UL22A showed selectivity for RANTES binding
over the chemokine MCP-1 by an order of magnitude.
Interestingly, enhancements in chemokine-binding affinity
have been observed upon the sulfation of specific Tyr residues
in peptides derived from N-terminal extracellular domains of
chemokine receptors.[14c, 19–20] Although future studies will be
required to determine whether UL22A structurally mimics
the interactions of chemokine receptors with their cognate
chemokines, this work has demonstrated the crucial role
played by tyrosine sulfation in chemokine binding by this viral
chemokine inhibitor. Furthermore, the sulfoproteins produced in this study also provide a valuable resource for future
development of antibody reagents for the detection of sitespecific tyrosine sulfate modifications of viral proteins in vivo.
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