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Abstract: Human dendritic cell-specific intercellular adhesion molecule-1 grabbing nonintegrin,
DC-SIGN, and the sinusoidal endothelial cell receptor DC-SIGNR or L-SIGN, are closely related

sugar-binding receptors. DC-SIGN acts both as a pathogen-binding endocytic receptor and as a

cell adhesion molecule, while DC-SIGNR has only the pathogen-binding function. In addition to dif-
ferences in the sugar-binding properties of the carbohydrate-recognition domains in the two

receptors, there are sequence differences in the adjacent neck domains, which are coiled-coil tet-

ramerization domains comprised largely of 23-amino acid repeat units. A series of model polypepti-
des consisting of uniform repeat units have been characterized by gel filtration, differential

scanning calorimetry and circular dichroism. The results demonstrate that two features character-

ize repeat units which form more stable tetramers: a leucine reside in the first position of the hep-
tad pattern of hydrophobic residues that pack on the inside of the coiled coil and an arginine

residue on the surface of the coiled coil that forms a salt bridge with a glutamic acid residue in the

same polypeptide chain. In DC-SIGNR from all primates, very stable repeat units predominate, so
the carbohydrate-recognition domains must be held relatively closely together. In contrast, stable

repeat units are found only near the membrane in DC-SIGN. The presence of residues that disrupt

tetramer formation in repeat units near the carbohydrate-recognition domains of DC-SIGN would
allow these domains to splay further apart. Thus, the neck domains of DC-SIGN and DC-SIGNR

can contribute to the different functions of these receptors by presenting the sugar-binding sites in

different contexts.
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Summary for Broader Audience
The spacing between sugar-binding sites in recep-

tors of the innate immune system contributes to the

way that these receptors distinguish sugars on the

surface of pathogens from those on host cells. This

work describes how subtle differences in closely

related receptors can change the way that sugar-

binding sites are held together, helping to explain

why they interact differently with viruses that dis-

play similar types of sugars.

This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is
properly cited.

Grant sponsor: Wellcome Trust; Grant number: 093599; Grant
sponsor: Biochemical Society.

*Correspondence to: Kurt Drickamer, Department of Life Scien-
ces, Sir Ernst Chain Building, Imperial College, London SW7
2AZ, United Kingdom. E-mail: k.drickamer@imperial.ac.uk

306 PROTEIN SCIENCE 2017 VOL 26:306—316 VC 2016 The Authors Protein Science published
by Wiley Periodicals, Inc. on behalf of The Protein Society

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Introduction
Human DC-SIGN, the dendritic cell-specific intercel-

lular adhesion molecule-1 grabbing nonintegrin,

plays a dual role as an adhesion receptor for T cells

and as a pathogen-binding receptor.1,2 The cell adhe-

sion function is probably associated with the ability

of the receptor to bind the Lewisx trisaccharide found on

cell surface molecules, including ICAM-1. Pathogens

bound by the receptor include viruses and fungi, which

bear high mannose oligosaccharides, as well as parasites

that are rich in the Lewisx epitope. The dual binding

specificity can be explained at least in part by accommo-

dation of both Lewisx and high mannose oligosacchar-

ides in the binding site of the C-type carbohydrate

recognition domain (CRD) that forms the ligand-binding

portion of the receptor.3 In contrast, the closely related

human receptor DC-SIGNR shows more restricted bind-

ing to the high mannose oligosaccharides, allowing it to

interact with viral pathogens.4 This receptor is also des-

ignated L-SIGN, reflecting its expression on sinusoidal

endothelial cells of lymph nodes and liver, as well as on

specific cell types in the placenta.

DC-SIGN and DC-SIGNR are similar in overall

organization, consisting of tetramers that facilitate

binding to multivalent targets, such as viral and cell

surfaces. In both proteins, clusters of C-terminal

CRDs are projected from the cell surface by extend-

ed neck domains that consists largely of multiple 23-

amino acid repeat units (Fig. 1). Information about

the mechanisms by which the CRDs in DC-SIGN

and DC-SIGNR are held together in oligomers is of

interest because differences in the geometry of bind-

ing site clustering is believed to underlie differences

in the ability of human immunodeficiency virus

(HIV), West Nile virus, and other viruses to bind

and infect cells expressing these receptors.6–8 Recent

Figure 1. (A) Domains in the extracellular portions of human DC-SIGN and DC-SIGNR. (B) The histidine-tagged full length neck

fragment of DC-SIGN is shown, along with a truncated fragment consisting of seven repeat units of 23-amino acids. This trun-

cated neck domain corresponds to the portion of DC-SIGNR that was previously crystallized.5 (C,D) Sequences of the repeat

units from the neck domains of human DC-SIGN and DC-SIGNR. The hydrophobic amino acids that form a heptad pattern in

each repeat unit are highlighted in green, variable residues at position 15 are highlighted in peach and other positions that

diverge from the sequence pattern are highlighted in pink. (E) Structure of the neck domain of DC-SIGNR, showing the position

of the leucine residue at position 6 inside the coiled-coil structure and the hydrogen bond between the glutamic acid residue at

position 12 and the arginine residue at position 15 on the surface of the helix. Figure is based on Protein Data Bank entry

3JQH and was generated with PyMOL.
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studies with mannose-capped quantum dots have

provided further evidence that the arrangement of

the binding sites must be different in the two recep-

tors.9 While DC-SIGN exists as a single form with

seven full repeat units and one partial repeat unit,

polymorphisms in the gene for DC-SIGNR result in

forms that differ in the number of neck repeat units9

and this variation is also correlated with differences

in susceptibility to HIV infection.10

To facilitate analysis of the oligomer formation by

DC-SIGN and DC-SIGNR, a strategy for purification

of the neck domains has been developed, based on

addition of the sequence Gly-His-His at the C-

terminus of the neck domain at the point where the

CRD would normally be attached [Fig. 1(B)]. When

the neck domain oligomerizes, the resulting cluster of

histidine residues allows purification of the expressed

polypeptides on immobilized nickel resin. Using this

approach, the neck domain of each receptor has been

shown to function as an oligomerization domain that

can form tetramers in the absence of the flanking

membrane anchor and CRD.11 The structure of the

repeat units in the neck domain of DC-SIGNR has

been deduced from an unusual crystal form in which

the unit cell comprises a single repeat unit in the con-

text of a fragment containing seven repeat units.5

Each repeat unit consists of a short N-terminal non-

helical region that includes a proline residue, followed

by a coiled-coil region. A heptad pattern of leucine,

isoleucine and valine residues in the helical region

mediates packing of the helices in a 4-stranded coiled-

coil in the neck domain tetramer.

Although similar in organization, the neck

domains of DC-SIGN and DC-SIGNR differ in

important respects. For instance, the neck domain of

DC-SIGNR is much more stable to thermal denatur-

ation than the neck domain of DC-SIGN.11 These

differences presumably reflect the effects of differ-

ences in the sequences in the repeat units in the two

receptors. However, the way that individual differ-

ences in the neck domain repeat units affect the

structure and stability of the neck domain has not

been defined. Force measurements of the extracellu-

lar portions of both DC-SIGN and DC-SIGNR are

consistent with the presence of the 37-Å-long 23-

amino acid repeat units in an extended struc-

ture.12,13 However, no detailed structural informa-

tion for the neck domain of DC-SIGN is available.

The goal of the present studies was to analyze the

properties of engineered versions of the neck domains

from DC-SIGN and DC-SIGNR in order to understand

the effects of sequence variations in the neck domains,

both between the two proteins and between the differ-

ent polymorphic forms of DC-SIGNR. The analysis

suggests that differences in key residues can result in

differences in the assembly and organization of the

extracellular portions of the receptors.

Results

Oligomerization of DC-SIGN and DC-SIGNR

through the neck domains
Two different crystal structures of the C-terminal

portion of DC-SIGNR suggest that there are only

limited interactions between the CRDs in the oligo-

mer.14 Because similar crystals of DC-SIGN have

not been obtained, an alternative approach was used

to confirm that the presence of the CRDs has little

influence on formation of tetramers in DC-SIGN. In

these experiments, the ability of the isolated neck

domain to interact with the full extracellular portion

of the receptor was investigated. If there were signif-

icant interactions between the CRDs that stabilize

the tetramers, it would be expected that these addi-

tional interactions would favor formation of homo-

oligomers of the fragment representing the full

extracellular portion of the receptor rather than

mixed oligomers containing the neck domain frag-

ments and the full extracellular fragment.

When the purified neck domain and the extra-

cellular fragment of DC-SIGN were mixed, dena-

tured and allowed to renature, fractionation of the

resulting renatured protein on a mannose-Sepharose

affinity column results in both fragments being

retained on the column and eluted with EDTA.

Because the neck domain cannot bind to mannose-

Sepharose on its own, the results represent purifica-

tion of mixed oligomers that contain both the neck

domain and the full extracellular fragment (Fig. 2).

The fact that the two different polypeptides associ-

ate in an apparently random fashion is consistent

Figure 2. SDS-polyacrylamide gel electrophoresis of neck

domain co-purification with the extracellular portion of DC-

SIGN on mannose-Sepharose. The extracellular fragment of

DC-SIGN alone or the extracellular fragment and the neck

domain fragment mixed in a ratio of �4:1 by weight were dis-

solved in 8 M Urea containing 50 mM Tris, pH 6.8, and dia-

lyzed extensively against Ca21-containing loading buffer. The

renatured samples were fractionated on a 1-mL column of

mannose Sepharose that was washed with four 1-mL ali-

quots of Ca21-containing loading buffer and eluted with four

0.5-mL aliquots of EDTA-containing elution buffer. Aliquots

were run on a 17.5% SDS-polyacrylamide gel, which was

stained with Coomassie blue.
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with the interpretation that the formation of tet-

ramers of DC-SIGN is independent of interactions

between the CRDs and is dictated by the sequences

of the neck domain.

Some information about the effects of variations

in the sequences of the neck repeat units can be

derived from earlier studies. The N-terminal por-

tions of the extracellular portions of DC-SIGN and

DC-SIGNR consist of a short region not related to

the 23-amino acid repeat units, followed by a half

repeat unit that is significantly divergent from the

other repeat units. In previous studies, truncation of

the neck domain of DC-SIGNR to remove the non-

repeat region at the N-terminus plus the partial

repeat unit at this end resulted in no change in the

stability of the neck domain, since the observed

denaturation temperature measured by differential

scanning calorimetry remained at 828C.5,11 Similar

truncation of the neck domain of DC-SIGN results

in a 7-repeat fragment that remains a tetramer at

room temperature and the denaturation tempera-

ture of 568C measured by calorimetry is very close

to the value of 548C for the full length neck domain

previously reported (data not shown).11 Thus, for

both DC-SIGN and DC-SIGNR, the stability of the

tetramers is largely a function of the 7 full repeat

units at the C-terminus of the neck domain.

A stable prototype neck domain repeat unit

The most divergent sequence is the C-terminal

repeat unit of DC-SIGNR, adjacent to the CRD [Fig.

1(C,D)]. The crystal structure of the neck domain

did not reveal a contribution of the variant residues

to the electron density of the average repeat unit,

suggesting that the C-terminal repeat unit is not

ordered like the other repeat units in the crystal.5

In the structure of the CRD of DC-SIGNR with a

truncated portion of the neck domain, the four cop-

ies of the C-terminal repeat unit were found to be

splayed apart.14 A key feature of this C-terminal

repeat unit is a phenylalanine residue at position

20. In all other copies of the repeat unit, this posi-

tion is occupied by a valine residue, which is one of

the residues that forms part of the heptad motif of

hydrophobic residues characteristic of coiled-coil

structures. The valine side chain is able to pack into

the coiled coil, while the phenylalanine side chain is

too large to be accommodated. Thus, the variation in

this final repeat unit is associated with the special

functions of this part of the neck domain in position-

ing the CRDs at a broad spacing.

Aside from this unusual C-terminal repeat unit,

a key point of variation between DC-SIGN and DC-

SIGNR is at position 6 of the repeat units, which

forms the first residue of the heptad pattern in the

primary structure and the beginning of the a helix

in the crystal structure. In all of the repeat units

visible in the crystal structure of the DC-SIGNR

neck domain, corresponding to repeat units 2

through 7, this position is occupied by a leucine

residue, which packs into the hydrophobic core of

the coiled coil [Fig. 1(E)]. However, this leucine resi-

due is present only in repeat units 2 through 4 of

DC-SIGN.

To assess the effect of the residue at position 6

on the structure and stability of the neck domain,

an engineered neck domain consisting of seven

repeat units, each containing a leucine residue at

position 6, was prepared. Gel filtration revealed that

this version of the neck domain forms a stable tetra-

mer at room temperature since it elutes at the same

position as a natural fragment of the neck domain of

DC-SIGNR containing seven repeat units, which has

been characterized as a tetramer [Fig. 3(A)].5 Analy-

sis by differential scanning calorimetry showed that

the uniform neck domain is actually more stable

than the equivalent portion of the natural DC-

SIGNR neck domain, with a thermal denaturation

Figure 3. Stability of the neck domain consisting of seven repeat units, with leucine at position 6 of each repeat unit. (A) Gel fil-

tration analysis of the engineered neck domain containing leucine residues at position 6 and arginine residues at position 15 in

each repeat unit, compared to the previously characterized repeat region from the neck domain of DC-SIGNR. (B) Differential

scanning calorimetry of the DC-SIGNR neck domain shows a denaturation temperature of 828C,5 compared with a denaturation

temperature of 948C when leucine and arginine are present in each repeat unit. Protein concentrations were 230 and 94 lM for

the natural polypeptide and the engineered protein, respectively.
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temperature of 948C compared to 828C for the natu-

ral neck domain [Fig. 3(B)]. One reason for the lower

stability of the natural neck domain would be the

presence of the potentially destabilizing C-terminal

repeat unit. In addition, the uniform neck domain

contains an arginine residue at each position 15,

while this residue is glutamine or glutamic acid in

several of the repeat units in the natural neck

domain. In the crystal structure of the neck domain,

the arginine residue is on the outer surface of the

bundle of helices and forms a salt bridge with a con-

served glutamic acid side chain at position 12 in the

same polypeptide [Fig. 1(E)]. Such an i,i 1 3 salt

bridge hydrogen bond would contribute to stability

of the repeat units.15,16 Together, these results

define a prototype sequence of a neck repeat unit

with very high stability, in which leucine is present

at position 6, packed on the inside of the coiled coil

and arginine is present at position 15 making a salt

bridge on the outside of bundle of helices.

Effect of number of repeat units on oligomer

formation

In addition to differences in stability reflecting

minor variations in the sequences of the repeat units

in the neck domains of DC-SIGN and DC-SIGNR,

differences in the properties of the neck domains

could arise from differences in the number of repeat

units in polymorphic forms of DC-SIGNR. To com-

pare these factors, multiple versions of the neck

domain were created with 3 to 7.5 copies of the 23-

amino acid repeat unit containing leucine at position

6 and arginine at position 15.

Changes in the stability of the neck domain

oligomers were demonstrated by gel filtration analy-

sis, which reveals a single peak of tetramers for the

longer constructs, but the appearance of increasing

amounts of monomer for shorter fragments contain-

ing 5 and 4 repeat units, while a fragment contain-

ing only three repeat units appears entirely as

monomer [Fig. 4(A)]. Similar trends in stability were

also observed by differential scanning calorimetry, in

which a transition occurs at lower temperatures for

the shorter constructs and is entirely absent for the

version with three repeat units [Fig. 4(B)]. These

experiments are performed at high concentrations

that would favor tetramer formation, which makes

it possible to observe unfolding of the tetramer in all

cases except for the fragment with three repeat

units. This shortest version thus shows no evidence

of tetramer formation in either the gel filtration or

calorimetry experiments.

Figure 4. Analysis of the stability and conformation of uniform neck domains containing different numbers of repeat units with

leucine at position 6. (A) Gel filtration analysis showing decreasing molecular weight of the tetramer for the shorter forms and

dissociation of the two smallest versions. (B) Differential scanning calorimetry reveals reduced denaturation temperatures for

the shorter forms of the neck. Protein concentrations were 210, 210, 220, 189, and 94 lM for the polypeptides with 3, 4, 5, 6,

and 7 repeat units, respectively. (C) Circular dichroism spectra expressed per mole of polypeptide. Protein concentrations were

21, 16, 6.2, 6.7, and 10 lM for the polypeptides with 3, 4, 5, 6, and 7 repeat units, respectively. (D) Circular dichroism spectra

normalized to number of repeat units to demonstrate that all spectra have the same shape and only the shortest forms differ in

the intensity of the signals.

310 PROTEINSCIENCE.ORG Oligomerization Domains in DC-SIGN and DC-SIGNR



The CD spectra of most of the constructs share

the largely helical conformation of the natural neck

domains of DC-SIGN and DC-SIGNR [Fig. 4(C)].11

Normalization of the values to the number of repeat

units reveals that the signal per repeat unit for the

longer fragments is constant [Fig. 4(D)], indicating

that the repeat units have the same conformation as

seen in the crystal structure. However, when the

number of repeat units drops below 4, there is a

change in the ratio of the signals at 208 and

222 nm. Values of this ratio higher than 1 are asso-

ciated with small differences in the helical pitch

resulting from packing in coiled-coil structures.17

The expected changes are best characterized for par-

allel 2- and 3-stranded coiled-coils, but formation of

the parallel 4-helical bundle would be expected to

have a similar effect. The slight decrease in the

intensity of the CD signal per repeat unit for the

neck domain with four repeat units is consistent

with the gel filtration results showing that coiled-

coil tetramer is in equilibrium with a monomeric

structure at the concentration used for gel filtration

and CD analysis. The higher molar concentrations of

the smaller fragments required to obtain good quali-

ty spectra would favor tetramer formation, so the

results probably slightly under-estimate the effect of

partial dissociation for the fragment with 4 repeat

units. In contrast, the fragment with only three

repeat units shows a more significant loss of helical

structure and a reduced ratio of the signals at 208

and 222 nm, which is consistent with the conclusion

that this fragment does not form stable tetramers

containing coiled coils. Taken together, these results

indicate that a fully stable coiled-coil structure

requires the presence of at least five repeat units.

Effects of variation in the sequences of repeat

units on stability and conformation

A leucine residue is present at position 6 only in

repeat units 2 through 4 of DC-SIGN, with position

6 occupied by a glutamine residue in most of the

remaining repeat units, although a methionine resi-

due is present in repeat unit 5. To assess the effect

of this variation at position 6 on the structure and

stability of the neck domain, further engineered ver-

sions of the domain containing 7 repeat units with

either glutamine or methionine at position 6 in each

repeat unit were prepared.

In contrast to the homogeneous neck domain con-

taining leucine at position 6 of each repeat unit, other-

wise identical neck domain in which glutamine is

present at this position in each repeat unit fail to form

stable oligomers. At room temperature, the all-

glutamine version of the neck domain elutes as a

monomer on gel filtration [Fig. 5(A)]. This neck

domain does not yield a clear denaturation transition

by differential scanning calorimetry, which is consis-

tent with the absence of stable oligomers (data not

shown). Circular dichroism analysis revealed the

presence of a helical structure, but the molar elliptici-

ty is reduced compared to the neck domain containing

leucine residues at position 6 of the repeat units [Fig.

5(B)]. The all-glutamine version of the neck domain

shows a ratio of signals at 208 compared to 222 nm

comparable to that of the all-leucine neck domain.

These results suggest that the all-glutamine version

transiently forms coiled coils under the static condi-

tions of the circular dichroism experiment, but that

these oligomers are not stable enough to be observed

in the gel filtration experiment.

An analog of the neck domain containing methi-

onine residues at position 6 of each repeat unit also

did not show a defined denaturation peak by calo-

rimetry (data not shown) and has even more dimin-

ished helical content [Fig. 5(B)]. In this case, the

ratio of molar ellipticity at 208 nm compared to

222 nm is reduced, suggesting that helix formation

is not accompanied by formation of coiled coils like

those seen in the other forms of the neck domain.

The oligomeric state assessed by gel filtration is also

Figure 5. (A) Gel filtration analysis of proteins containing seven repeat units, with leucine, glutamine or methionine at position 6

of each repeat unit. (B) Circular dichroism analysis of the proteins consisting of seven identical repeat units in which each

repeat unit contains leucine, glutamine or methionine at position 6. Protein concentrations were 10, 13, and 20 lM for the poly-

peptides with repeat units containing leucine, glutamine and methionine at position 6, respectively.
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poorly defined. It appears as multiple broad peaks

that do not elute with either monomers or tetramers

[Fig. 5(A)]. These results suggest that there may be

at least transient formation of intermediate species

in which the normal tetrameric coiled-coil interac-

tions are absent.

The combined results of the gel filtration, calo-

rimetry and circular dichroism studies suggest that

the presence of glutamine at position 6 of the neck

domain repeat unit is compatible with formation of

the tetrameric coiled coil, so that a repeat unit con-

taining this sequence can have the same conforma-

tion as a repeat unit with leucine at position 6,

although the glutamine form is less stable. In con-

trast, a methionine residue at this position disrupts

the conformation.

A final unusual feature of the DC-SIGN neck

domain is a tryptophan residue at position 15 in the

fourth repeat unit. This substitution has little effect

on the behavior of the neck domain, as shown by the

fact that substitution of the first portion of the neck

domain from DC-SIGNR, including an arginine resi-

due at this position, for the corresponding portion of

DC-SIGN results in removal of the tryptophan resi-

due with no detectable effect on the stability of the

neck domain.11

DC-SIGN and DC-SIGN variation between

species

DC-SIGN and its homologs are subject to rapid

genetic change.18 The 23-amino acid repeat units of

the neck domain are present only in primates. A

very divergent set of eight homologous genes is

found in mice.19 Based on the roles of some of the

key amino acids in the neck domain described here,

comparison of the DC-SIGN and DC-SIGNR genes

in the primates provides some insights into the

potential functional effects of these genetic varia-

tions (Fig. 6). Some of the distinct structural fea-

tures conserved in the DC-SIGNR genes are the

presence of the stabilizing leucine residue at position

6 of all but the first and last repeat units and the

presence of the unusual phenylalanine residue at

position 6 in the repeat unit adjacent to the CRD,

although there is variation in the number of repeat

units. In contrast, the DC-SIGN sequences show

greater diversity, although the more stable repeat

units, with the leucine at position 6 and arginine at

position 15, are generally found nearer to the mem-

brane, while repeat units at the C-terminal end,

towards the CRD, mostly contain glutamine at posi-

tion 6. The destabilizing methionine residue is pre-

sent at position 6 in only one or two repeat units in

Figure 6. Comparison of the sequences of neck domains from DC-SIGN homologs in various primates. Residues at positions

6 and 15 of the repeat units are indicated in single-letter amino acid code, with those that stabilize the tetrameric coiled-coil,

leucine at position 6 and arginine at position 15, highlighted in yellow. Repeat units that contain leucine at position 6 are col-

ored green, repeat units that contain glutamine at this position are colored pink and repeat units that contain methionine are

colored cyan. The unusual repeat units at the C-terminus of the neck domain of DC-SIGNR are colored orange. Non-repeat

regions at the N-terminus are indicated by purple rectangles. (A) DC-SIGN neck domain organization. (B) DC-SIGNR neck

domain organization.
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the middle of the neck domain. Conservation of

these patterns, in spite of variation in the number of

repeat units and the specific sequences, suggests

that these features are selected because they confer

different functional properties in the two receptors.

Discussion

The previously described crystal structure of the

neck domain of DC-SIGNR is based on an average

from the different types of repeat units present.

Each of these repeat units has a leucine residue at

position 6, although they vary at position 15. The

results can be assembled into a model for the full

extracellular portion of DC-SIGNR.5 It has not been

possible to obtain crystals of the forms of the neck

domains with glutamine or methionine residues at

position 6 of the repeat units, or for the natural

neck domain of DC-SIGN containing a mixture of

residues at position 6 of different repeat units, so

the alternative strategy described here was to use

spectroscopy, calorimetry, and gel filtration to sug-

gest ways that sequence variation alters the struc-

ture from that observed for the repeat units with

leucine residues at position 6.

Based on this combination of information, it is

concluded that repeat units with leucine residues at

position 6 and arginine residues at position 15 form

particularly stable tetrameric coiled coils. Changing

the arginine residue at position 15 results in loss of

the salt bridge with the conserved glutamic acid resi-

due at position 12, which causes some destabilization,

while introduction of alternative residues at position

6 is more destabilizing. The summary of the sequen-

ces of DC-SIGN and DC-SIGNR molecules shown in

Figure 6 reveals that relatively few repeat units are

stabilized by the presence of both a leucine residue at

position 6 and an arginine residue at position 15, but

a high proportion of the repeat units contain one or

the other of these residues. Appropriate residues at

either one of these two positions may be alternative

ways of achieving stability of the coiled coil.

The loss of stability resulting from the presence

of a glutamine residue at position 6 is somewhat

surprising, since favorable packing and hydrogen

bonding of glutamine residues has been observed in

trimeric coiled coils20 and the glutamine side chain

can be accommodated sterically in the interior of the

tetrameric coiled coil. The circular dichroism results

confirm that the presence of glutamine is compatible

with the coiled coil structure, with the decreased sig-

nal reflecting the loss of stability so that the tetra-

mer is dissociated more of the time. It may be

significant that the glutamine residue at position 6

would be the first residue of the coiled coil, following

the disruption caused by the preceding proline and

charged residues. The loss of hydrophobic interac-

tions may be of greater significance in this context,

leading to destabilization. In contrast, the presence

of a methionine residue at position leads to more sig-

nificant disruption of the structure of the neck

domain, which may be explained based on steric con-

straints resulting from the longer, linear side chain

that would not readily pack inside the coiled coil.

Loss of stability and the potential disruption to the

helical structure resulting from the presence of a

methionine residue in the middle repeat unit proba-

bly explains why the neck domain of DC-SIGN is

resistant to crystallization.

For DC-SIGNR, a key finding to emerge from

these studies is the observation that the repeat units

are mostly stabilized by leucine residues at position

6 and arginine residues at position 15. The presence

of a phenylalanine residue at position 20 in the

repeat unit adjacent to the CRD appears to cause a

flaring apart of the CRDs, but the remainder of the

neck domain is a stable tetrameric coiled coil. This

arrangement of very stable repeat units in the neck

domain, which is conserved in all of the DC-SIGNR

proteins in the primates, may be necessary to ensure

that the neck domain remains tetrameric even

though the final repeat units are splayed apart by

the presence of the phenylalanine residue. The stud-

ies reported here suggest that the presence of stabi-

lizing residues at positions 6 and 15 of the repeat

units allows for the formation of stable tetramers

even for shorter versions of the neck domain present

in some individuals, which result from common

genetic polymorphisms in the human population.21,22

However, the results also define a minimal length

for the neck domain to be fully stable, even in the

presence of stabilizing residues within the repeat

units. The very stable structure of the coiled coil

ensures that the spacing between the CRDs in DC-

SIGNR is relatively fixed, although the exact orien-

tation of the CRDs would be potentially flexible

because of the flaring apart caused by the unusual

repeat unit adjacent to the CRD.

In contrast to DC-SIGNR, only the repeat units

at the membrane-proximal end of the neck domain in

DC-SIGN are stabilized by leucine residues at posi-

tion 6. The presence of potentially less stable repeat

units in the half of the DC-SIGN neck domain further

from the membrane, and the presence of repeat units

containing the potentially disruptive methionine resi-

dues at position 6 in a repeat unit in the middle of the

neck domain, raises the possibility that the C-

terminal portion of the neck domain might dissociate

some of the time, so that the extracellular domain

would be able to accommodate different spacings of

sugar residues, as observed in recent studies with

mannose-coated particles.9 High affinity binding of

lattices of sugars by multivalent receptors requires

both multivalency and appropriate spacing and orien-

tation of sugar-binding sites,23,24 so this arrangement

would potentially allow the cluster of CRDs in the tet-

ramer of DC-SIGN to bind clusters of ligands at a

greater range of spacings.
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Some differences in the interactions of DC-

SIGN and DC-SIGNR with glycans on pathogens

may result from differences in the local sugar-

binding characteristics of the CRDs. For example,

only DC-SIGN binds to parasite glycoproteins

because this binding results from recognition of the

Lewisx epitope, which is bound by DC-SIGN but

not DC-SIGNR.3,25 However, it is more difficult to

explain differential binding of pathogens that bear

high mannose oligosaccharides, as in the case of West

Nile virus, which binds better to DC-SIGNR than to

DC-SIGN, based on the interaction of individual oligo-

saccharides with the binding sites in the CRDs.7 It

seems more likely that such differences result from

different capacities of the receptors to accommodate

various spacings of glycan epitopes resulting from the

distinct properties of the neck domains described

here.

Materials and Methods

Protein expression and purification

Procedures for expression of the extracellular portions

of human DC-SIGN and DC-SIGNR in Escherichia

coli followed by purification, employing affinity chro-

matography on mannose-Sepharose, were as previ-

ously described.26 Wild type and mutated versions of

the neck domain bearing 2-histidine tags were puri-

fied by chromatography on immobilized Ni21 followed

by anion exchange chromatography.5,11

Figure 7. Strategies for generation of neck repeat units with uniform amino acid sequences. (A) Double-stranded synthetic oli-

gonucleotides used to replace the 5’ and 3’ ends of the portions of the DNA encoding repeat units 3 to 6 in DC-SIGNR are indi-

cated. (B) Oligonucleotides used to replace the ends of the cDNA encoding repeat units 6 to 8 of DC-SIGN are shown. (C) A

cDNA encoding two repeat units with methionine at position 6 was created by assembling three sets of synthetic oligonucleoti-

des. In each case, the 5’ BamH1 site allows insertion into the expression vector pT5T so that the neck polypeptide is translated

when a ribosome restarts following termination of a truncated phage T7 gene 10 protein.27
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Generation of mutated neck domain

polypeptides
Vectors encoding uniform neck domain repeat units

with leucine at position 6 were created starting from

the cDNA for the DC-SIGNR neck.5 Synthetic oligo-

nucleotides were used to replace the 5’ sequence

encoding the N-terminus of repeat unit 3 and the 3’

sequence encoding the C-terminus of repeat unit 6,

to create a DNA sequence encoding a block of 4

repeat units with identical amino acid sequences

and a C-terminal 2-histidine tag [Fig. 7(A)]. Frag-

ments encoding various numbers of repeat units

from the 5’ or 3’ ends of this construct were created

by partial digestion with BglII followed by digestion

with the flanking enzymes BamHI or EcoRI, respec-

tively. Pairs of 5’ and 3’ fragments were ligated to

generate sequences encoding 3 to 7 repeat units.

The resulting BamH1 to EcoR1 fragments were

inserted into the T7 expression vector as for the

wild type neck domains.11

A similar strategy was used to generate a DNA

sequence encoding three repeat units with gluta-

mine at position 6, by substituting synthetic oligonu-

cleotides for the portions of the DC-SIGN cDNA11

encoding the 5’ end of repeat unit 6 and the 3’ end

of repeat unit 8 [Fig. 7(B)]. The BglII partial diges-

tion strategy was used to expand the number of

repeat units to 5 and then to 7.

For creation of neck domain polypeptides

containing methionine residues at position 6, three

sets of synthetic oligonucleotides were assembled to

generate a DNA fragment encoding two repeat units

[Fig. 7(C)]. Partial BglII digestion was repeated three

times to expand the number of encoded repeat units

first to 3, then to 5 and finally to 7 repeat units.

Analytical procedures

Analytical affinity chromatography on mannose-

Sepharose28 was performed using loading buffer con-

sisting of 0.5 M NaCl, 25 mM Tris-Cl, pH 7.8, and

25 mM CaCl2 and elution buffer containing of 0.5 M

NaCl, 25 mM Tris-Cl, pH 7.8, and 2.5 mM EDTA.

SDS-polyacrylamide gel electrophoresis was per-

formed in the buffer system of Laemmli.29 Gel filtra-

tion analysis employed a 1 3 30 cm2 Superdex S200

column eluted with 100 mM NaCl, 10 mM Tris-Cl,

pH 7.8, 2.5 mM EDTA. The positions of marker pro-

teins are indicated by the Stokes radius: cytochrome

c, 17 Å; bovine erythrocyte carbonic anhydrase, 23.9

Å; bovine serum albumin, 35.5 Å; yeast alcohol

dehydrogenase, 45.5 Å; b-amylase, 51 Å; E. coli b-

galactosidase, 69 Å; and thyroglobulin, 85 Å. Protein

concentrations were determined by ninhydrin assay

following alkaline hydrolysis.30

Differential scanning calorimetry

Samples for calorimetry were dialyzed extensively

against 125 mM NaCl, 25 HEPES, pH 7.8, 2.5 mM

CaCl2, degassed under vacuum and introduced into

the sample loop of a Nano-III calorimeter from Calo-

rimetry Sciences Corporation. Repeated equilibra-

tion scans from 5 to 208C were used to remove any

remaining dissolved gas. Scans were performed at

18min21. Protein concentrations used were based on

those previously employed for the native neck poly-

peptides, since these give signals that can be quanti-

fied accurately.11 For experiments in which different

proteins were compared, protein concentrations var-

ied by less than three-fold.

Circular dichroism

Proteins were prepared in 125 mM NaCl, 25 mM

Tris–Cl, pH 7.8, 5 mM CaCl2. Analysis was per-

formed on 200 lL samples in a 1-mm cuvette in a

Chirascan spectropolarimeter from Applied Photo-

physics, with data collected for 1 sec at 0.5 nm inter-

vals followed by averaging of 10 scans. Comparisons

were made between proteins within a three-fold

range of concentrations. In test experiments over

this concentration range, the ratio of tetramers to

monomer observed on gel filtration changed by less

than 1.5-fold for the fragments that undergo some

dissociation into monomers, such as the version con-

taining four repeat units with leucine at position 6.

Acknowledgments

The authors declare no conflicts of interest.

References

1. Svajger U, Anderluh M, Jeras M, Obermajer N (2010)
C-type lectin DC-SIGN: an adhesion, signalling and

antigen-uptake molecule that guides dendritic cells in
immunity. Cell Signal 22:1397–1405.

2. van Kooyk Y (2008) C-type lectins on dendritic cells:

key modulators for the induction of immune responses.
Biochem Soc Trans 36:1478–1481.

3. Guo Y, Feinberg H, Conroy E, Mitchell DA, Alvarez R,

Blixt O, Taylor ME, Weis WI, Drickamer K (2004)
Structural basis for distinct ligand-binding and target-
ing properties of the receptors DC-SIGN and DC-

SIGNR. Nat Struct Mol Biol 11:591–598.
4. Khoo US, Chan KY, Chan VS, Lin CL (2008) DC-SIGN

and L-SIGN: the SIGNs for infection. J Mol Med 86:

861–874.
5. Feinberg H, Tso CKW, Taylor ME, Drickamer K, Weis

WI (2009) Segmented helical structure of the neck

region of the glycan-binding receptor DC-SIGNR. J Mol
Biol 394:613–620.

6. Chung NP, Breun SK, Bashirova A, Baumann JG,

Martin TD, Karamchandani JM, Rausch JW, Le Grice
SF, Wu L, Carrington M, Kewalramani VN (2010) HIV-
1 transmission by dendritic cell-specific ICAM-3-grab-

bing nonintegrin (DC-SIGN) is regulated by determi-
nants in the carbohydrate recognition domain that are
absent in liver/lymph node-SIGN (L-SIGN). J Biol

Chem 285:2100–2112.
7. Davis CW, Nguyen H-Y, Hanna SL, S�anchez MD,

Doms RW, Pierson TC (2006) West Nile virus discrimi-

nates between DC-SIGN and DC-SIGNR for cellular
attachment and infection. J Virol 80:1290–1301.

dos Santos et al. PROTEIN SCIENCE VOL 26:306—316 315



8. L�eger P, Tetard M, Youness B, Cordes N, Rouxel RN,
Flamand M, Lozach P-Y (2016) Differential use of the
C-type lectins L-SIGN and DC-SIGN for phlebovirus
endocytosis. Traffic 17:639–656.

9. Guo Y, Sakonsinsiri C, Nehlmeier I, Fascione MA,
Zhang H, Wang W, P€ohlmann S, Turnbull WB, Zhou D
(2016) Compact, polyvalent mannose quantum dots as
sensitive, ratiometric FRET probes for multivalent pro-
tein–ligand interactions. Angew Chem Int Ed 55:4738–
4742.

10. Liu H, Carrington M, Wang C, Holte S, Lee J, Greene
B, Hladik F, Koelle DM, Wald A, Kurosawa K, Rinaldo
CR, Celum C, Detels R, Corey L, McElrath MJ, Zhu T
(2006) Repeat-region polymophisms in the gene for the
dendritic cell-specific intercellular adhesion molecule-3-
grabbing nonintegrin-related molecule: effects on HIV-
1 susceptibility. J Infect Dis 193:698–702.

11. Yu QD, Oldring AP, Powlesland AS, Tso CK, Yang C,
Drickamer K, Taylor ME (2009) Autonomous tetrameri-
zation domains in the glycan-binding receptors DC-
SIGN and DC-SIGNR. J Mol Biol 387:1075–1080.

12. Leckband DE, Menon S, Rosenberg K, Graham SA,
Taylor ME, Drickamer K (2011) Geometry and adhe-
sion of extracellular domains of DC-SIGNR neck length
variants analyzed by force-distance measurements.
Biochemistry 50:6125–6132.

13. Menon S, Rosenberg K, Graham SA, Ward EM, Taylor
ME, Drickamer K, Leckband DE (2009) Binding site
geometry and flexibility in DC-SIGN demonstrated
with surface force measurements. Proc Natl Acad Sci
USA 106:11524–11529.

14. Feinberg H, Guo Y, Mitchell DA, Drickamer K, Weis
WI (2005) Extended neck regions stabilize tetramers of
the receptors DC-SIGN and DC-SIGNR. J Biol Chem
280:1327–1335.

15. Marqusee S, Baldwin RL (1987) Helix stabilization by
Glu2. . .Lys1 salt bridges in short peptides of de novo
design. Proc Natl Acad Sci USA 84:8898–8902.

16. Spek EJ, Bui AH, Lu M, Kallenbach NR (1998) Surface
salt bridges stabilize the GCN4 leucine zipper. Protein
Sci 7:2431–2437.

17. Monera OD, Zhou NE, Kay CM, Hodges RS (1993)
Comparison of antiparallel and parallel two-stranded
a-helical coiled coils: design, synthesis and characteri-
zation. J Biol Chem 268:19218–19227.

18. Ortiz M, Kaessmann H, Zhang K, Bashirova A,
Carrington M, Quintana-Murci L, Telenti A (2008) The
evolutionary history of the CD209 (DC-SIGN) family in
humans and non-human primates. Genes Immun 9:
483–492.

19. Powlesland AS, Ward EM, Sadhu SK, Guo Y, Taylor
ME, Drickamer K (2006) Novel mouse homologs of

human DC-SIGN: widely divergent biochemical proper-

ties of the complete set of mouse DC-SIGN-related pro-

teins. J Biol Chem 281:20440–20449.
20. Misura KMS, Gonzalez LC Jr, May AP, Scheller RH,

Weis WI (2001) Crystal structure and biophysical prop-

erties of a complex between the N-terminal SNARE

region of SNAP25 and syntaxin 1a. J Biol Chem 176:

41301–41309.
21. Gramberg T, Zhu T, Chaipan C, Marzi A, Liu H,

Wegele A, Andrus T, Hofmann H, P€ohlman S (2006)

Impact of polymorphisms in the DC-SIGNR neck

domain on the interactions with pathogens. Virology

347:354–363.
22. Li H, Tang NL, Chan PK, Wang CY, Hui DS, Luk C,

Kwok R, Huang W, Sung JJ, Kong QP, Zhang YP

(2008) Polymorphisms in the C-type lectin genes clus-

ter in chromosome 19 and predisposition to severe

acute respiratory syndrome coronavirus (SARS-CoV)

infection. J Med Genet 45:752–758.
23. Dam TK, Brewer CF (2008) Effects of clustered epito-

pes in multivalent ligand-receptor interactions. Bio-

chemistry 47:8470–8476.
24. Coombs PJ, Harrison R, Pemberton S, Quintero-

Martinez A, Parry S, Haslam SM, Dell A, Taylor ME,

Drickamer K (2010) Identification of novel contribu-

tions to high-affinity glycoprotein–receptor interactions

using engineered ligands. J Mol Biol 396:685–696.
25. Van Liempt E, Imberty A, Bank CMC, Van Vliet SJ,

Van Kooyk Y, Geijtenbeek TBH, Van Die I (2004)

Molecular basis of the differences in binding properties

of the highly related C-type lectins DC-SIGN and L-

SIGN to LewisX trisaccharide and Schistosoma man-

soni egg Antigens. J Biol Chem 279:33161–33167.
26. Mitchell DA, Fadden AJ, Drickamer K (2001) A novel

mechanism of carbohydrate recognition by the C-type

lectins DC-SIGN and DC-SIGNR: subunit organisation

and binding to multivalent ligands. J Biol Chem 276:

28939–28945.
27. Eisenberg SP, Evans RJ, Arend WP, Verderber E,

Brewer MT, Hannum CH, Thompson RC (1990) Prima-

ry structure and functional expression from comple-

mentary DNA of a human interleukin-1 receptor

antagonist. Nature 343:341–346.
28. Fornstedt N, Porath J (1975) Characterization studies

on a new lectin found in seed of Vicia ervilia. FEBS

Lett 57:187–191.
29. Laemmli UK (1970) Cleavage of structural proteins

during the assembly of the head of bacteriophage T4.

Nature 227:680–685.
30. Hirs CHW (1967) Detection of peptides by chemical

methods. Methods Enzymol 11:325–329.

316 PROTEINSCIENCE.ORG Oligomerization Domains in DC-SIGN and DC-SIGNR


