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Abstract. The last decade led to the discovery and char-
acterization of several human p-defensins. Analysis of
genomic information indicates that the number of -de-
fensin-like molecules encoded by the human genome
may number in the tens. Growing interest in B-defensins
steadily enhances our knowledge about various aspects
of their gene location, expression patterns and the tran-
scription factors involved in their regulation in vivo. The
hallmark property of B-defensins, their antimicrobial ac-

tivity, is clearly only the tip of the iceberg in the extensive
network of inter-relations within the immune system in
which these peptides function. Structural studies of S-de-
fensins provide the molecular basis for a better under-
standing of their properties, functions and their potential
for practical applications. In this review, we present some
recent advances in the studies of human B-defensins, with
an emphasis on possible correlations between their struc-
tural and functional properties.

Keywords. Human f-defensin, innate and adaptive immunity, antimicrobial and chemotactic activity, B-defensin

structure, structure-function relationship.

Introduction

Antimicrobial peptides (AMPs), a diverse group of small
molecules (over 800 examples are recognized to date
[1]), are classified into several categories based on their
primary structures and topologies [2—6]. In humans, one
important category of AMPs are defensins [7]. This cate-
gory encapsulates the group of -sheet-rich, cationic and
amphipathic peptides, usually consisting of six invariant
cysteine residues forming characteristic networks of di-
sulfide bridges that assume a conserved structural fold
[8—10]. Defensins were identified in many multicellular

* Corresponding author.

organisms, including plants [11, 12], invertebrate [ 13] and
vertebrate animals [14], as well as in insects [15]. Over 40
open reading frames (ORFs) with nucleotide sequences
bearing signatures defined for defensins have been iden-
tified in the human genome [16]. Protein products were
confirmed in vivo for only 10 of those ORFs, whereas
corresponding messenger RNA (mRNA) was identified
for an additional 11 sequences (Table 1). Based primar-
ily on the spacing between the cysteine residues and the
topology of the disulfide bridges, human defensins are
organized into three classes, -, - and 6-defensins [10,
17]. It is necessary to mention the provisional nature of
the 6-class (the cyclic defensins). The only primate 6-de-
fensin described so far is one isolated from rhesus mon-



1295

Review Article

Vol. 63, 2006

Cell. Mol. Life Sci.

[€9 ‘911 se1koouneIed pue senssn [BAISUIS ¢ (p[-AgY) 11 UIsuayop-g uewny Tzdg (P1-949Q) #119490
[o1] »(€1-AEY) €11 Wsuajep-g ueuny 17d9 (£1-844Q) £11849d
[€9 ‘911 $91K00UINeIY pUE saNssI) [BAISUIS  ¢(T[[-A4Y) ¢ Ususjop-g uewny 1zdg (¢1-9449Q) c11944a
[€9 ‘911 so1koouneIod pue sonssn [eAISUIS ¢ (11-Qgy) 111 UIsudjop-g uewny 1zd9 (I7-949Q) 111949
[€9 ‘911 »(0T-agu) 011 ursudjop-¢ uewny 1¢d9 (01-949a) 0171949
[$9-79 9)A003NI] ‘QunsAQUI [[ews A1eAO ‘s1)s9) “@)eysold ‘snwky) ‘usords ‘searoued +(F6019:19a
‘91]  “Koupry ‘1oAl] ‘Sunj ‘ejuoded ‘urelq ‘)reay ‘sa1Ad0UNLIY pue SaNSSY) [BAISUIS ¢(6-agu) 601 ursudjop-g uewmny zed-gzdg ‘6019494 ‘6-9A4a) 6019490
[¥9-29 (F801949a ‘901944 “$-GATA)
‘911 sea1oued ‘s1)so) ‘s9)A00UIIRIY PUB SINSST) [BAISUIS <(8-agy) 801 ursuajop-g uewny zzd-¢zdg 9019140
[€9 (VL019:49d *L-949Q)
‘79 ‘911 se14o0uneIeN pUE SANSSY [EAISUIS ¢(L-agu) Lo1 uIsudgop-g uewny zed-gzdg £01944d
[+9-29 $[[99 10[q0Suou (F9019449a 9-944d ‘9-Ad)
‘09 ‘911 pue spue[3 [esoonuqns Jo [[99 SNOIds Aemire ‘3uny ‘snsa) pue stuApiprdo <(9-agy) 901 ursusjop-g uewny zzd-¢zdg 901919d
(29 (Fe0194490a ‘€-944d ‘$-Ad)
09 ‘911 s11s9) pue srukprprda ¢(S-agy) o1 ursusyop-g uewmny zed-gzdg SOIgAada
soykooumjeray Arewrid pue sonss) [BAISUIS ‘Koupry (Vr01949d ‘+-943d tIATA)
[19-65] ‘3uny ‘puel3 proiAy ‘siydonnau ‘snion ‘wnnue oLnsed ‘stuApipido ‘snsay (-aguy) +01 wsuoyop-g uewny czdg POIGAAd
unys ‘syis (Feorg1aa
[8S°¢LS -uo) ‘wnunfof ‘oposnw (19[S ‘eoyoryy ‘spiydonnou ‘reay ‘snJeydoss ‘snso) ‘c-d9H ‘S-d9H ‘€9.19d ‘Sd9H ‘S-d9H)
‘oF ‘s¢l ‘eyudoed ‘snwAy) €39 ‘erjoypido Areurn ‘Jeunsojuronses ‘Aloyendsar ‘eio :(e-agy) ¢ uisusjop-¢ uewny czdg cOIgIaa
(rdvs
[9s—6¥ LY sojkooueroy [eAISUIS pue [euwropids ‘erjays ‘T-GAAd TAGH ‘2019490 TIAAA)
‘193¢l -1do I3 ‘sa34001358 “BoUI0D ‘BAnOUN[UOD ‘Brjoy)ide A1euownd pue [BIO ‘UDYS :(zaguy) g wisuojop-g uewny zzd-1-¢zdg rgIAd
Jse[qoIq1} [eaSuruaw ‘erjSoIoru ‘sajkoonse ‘syurof quiy ‘pued
Arewruew ‘pue[3 [BWLIOL] ‘BAUIO0D ‘BAIIOUN[UOD ‘QUIISAUI [[ews ‘pue|F AIea
-11es ‘on3uo) pue eSOONW [£00Nq ‘onssy [eAlSuIs ‘soqny uerdoj[e] ‘XIAI00pUD (CzSISOHON
XIAI000)09 ‘BUITRA ‘S13S9) ‘SnwiAy) ‘ejudoeld ‘oejsord ‘Suny ‘Aoupry ‘seard ‘T019194 ‘[-944d ‘a9 ‘1dq)
[8t—2¢€] -ued ‘snigin ‘eayoen 9oex [eyruddoin pue A1ojerrdsar Jo s[eo [ereyida ayp :(1-aqy) 1 wisuggop-g uewny  [-¢zd-z'gzdg 1919
(uoneugisop 19730)
SOOUQIRJOY so)1s uorssardxy ouog oy Jo jonpoid [BIOIJJO  UONBIO[ UL (soserye 10 sno1adid) sjoquiAs ouon)

*| SIS WOTSSAIAXD A} PUL UONLZI[EOO] AUAF SUISUJIP-g UBWNH *] QB



Human f-defensins

M. Pazgier et al.

1296

"PaYSI[qe)Sd A[IBI[O JOU ST UOTIBZI[EO0] [BWOSOWOIY)) 4
"aouenbas orwouas ay) woy paonpap ‘urdjoid aanend ¢

‘ud301d [BUOIIOUNJ-UOU B 10J SOPOO 90uanbas §31 1nq Pojodop YN YW Jo uoissaidxo ‘ouadopnas{ ,

‘uoneZIpUgAY YNYW 10 YD d-1Y Joyd £q [oA9] [euondiiosuen) oy} uo pajodep 1onpold ursyord oy jo uorssardxy ¢
‘uonyeredard onoyjuAks 10 SULLINOOO A[[RINJEU UO PIseq PIZLIAOBIBYD U0 -

“(1DA/668L1STTT/NMYAuu0/130/310"seud man/:dny)
*2INJB[OUSWIOU JUAT UISUJOP-( Y} UO SUOTEPUSUILIOIAI JUSIAI AY) 0} FuIpI109d. pAuasaid a1e souad oy Jo syonpold pue souod Jo sjoquiks oy

[91] +(€£€-ady) ¢¢ uIsuagop-¢ uewny o (£€-g4AQ) £STGAHA

[+9 ‘91] sunsajul [[ews dJeysord siso} <(1€-aqu) 1¢ ursudgop-g uewny o(I€-g44Q) [§1949d

[91] +(0€-ady) 0€1 ursuajop-g uewny 0 (06-849Q) 0€1944d

[89 (67-aqy ‘€ 0INOESFq

¥9 ‘91] o[osnu [e3a[dyfs ‘SruApIpido pue s1sa) ayy Jo JoAey [[90 [ereyndd ¢ (67-AY) 671 UISuajop-g uewmy ¢1doz ‘62944d ‘67-944A) 67 1949d

[89 ‘91] stwApiprdo pue s1sd) ayy Jo 1oAey [[90 [ereyndd (87-AY) 8T UISuajop-g uewny ¢1doz (87-944Q@) 8z1944d

Suny 9180y QoSN [e10 (Lz-agqy ‘T0INOESY

[89 ‘91]  -ov[s ‘searoued “1oAl] ‘Koupny ‘stwApipide pue susa) oy jo sokey [[90 [erpoypde (LZ-Ady) LT] uIsudjep-¢ uewny c1doc  L2944d LT-944d LA L1943

[69 ureiq ‘spessoxd Jreay ¢(zerdsd 9z-agy ‘1'0INOESYq

‘89 ‘91] ‘oposnu [eje[ays ‘searoued ‘srukpiprdo pue siso) oy Jo JoAe| [[00 [erjoypidd ‘97-Ady) 91 uIsuojop-g uewmny c1doc ‘7€1dSA ‘97444d ‘9-g44a) 9714949d

TOAT]

[89 ‘91] ‘Koupny| ‘sposnu [e3o[ays ‘sruApiprdo pue snsa) ayy Jo Jokey [[90 [erjeynda  ((SZ-AdY) ST UIsuojop-g uewny ¢1doz ($7-944Q) ST1949d

[o1] »(FT-Ady) $T1 ursuagop-g uewny ['11b0T (PT-9449Q) vT1949d

[99 “91] stwApipido pue susd)  ¢(gZ-Ady) €21 uIsudyep-¢ uewny 1'11b0T (@19Y-c+DSH ‘€7-944Q) €71949d

[99 “91] +(TT-adqy) 71 uisuagep-g uewny 1'11b0T (¢z-944Q) zz1949d

[99 “91] stwApiprds pue susa)  (12-Agy) [T] uIsudyep-¢ uewny 1'11b0Z OTHY-c+OSH “17-A4QA) 171949

(0219444 ‘07-9449d ‘61-4A4Q)

[99 “91] stwApiprds pue susd) ¢ (0Z-Ady) 0T] uIsudyep-¢ uewny 1'11b0T 0T1949d

(£681LDDOW

¢(0z-agH ‘GITI-T+OST VIAY-CrOST ‘01944

[99 ‘91] stApiprdo pue siso) ‘61-Ady) 611 ursuayop-g uewny ['11b0T ‘07-944d ‘61-944d) 6119d49A

[L9+9 (¢vDsd 11b (czrasiorry

91] searoued ‘wwrads ‘stwApipids pue syso) ‘81-Ady) 811 uIsudyop-g uewny -1'11b0T ‘THOSH ‘Q1-gAAD) §11944d

[o1] <(L1-aqu) L11 ursuayop-g uewny ['11b0T LI-949Q) L11949d

[91] <(91-agu) 911 ursuayap-g uewny 1'11b0T ©1-949Q) 9119490

[91] <(S1-agu) §11 ursuayap-g uewny 1'11b0z (S1-4149Q) SITE49d
(uoneugisap 12430)

SQOUAIRJOY So)Is uorssardxy ouag oy Jo 3onpoid [BIOIJO  UONEBIO[ UL (soserfe 10 snotadxd) SoquIAS ouon)

“(ponunuo)) *1 AqeL



Cell. Mol. Life Sci.  Vol. 63, 2006 Review Article

key leucocytes [17]. Although at least six genes coding
for 6-defensins have been found in the human genome,
premature stop codons in the genes abort translation and
subsequent peptide production [17-20].

In this overview, we intend to highlight the most recent
results from studies of human f-defensins. Many ex-
cellent reviews on human defensins, including f-class,
have already been published [5, 14, 21-32], and avoiding
some redundancy is impossible. However, the increasing
knowledge of the structural properties of human defensins
gathered during last several years has not been reviewed
proportionally. We attempt to fill this gap by emphasizing
recent advancements in the area of structural studies of
human S-defensins.

103

91

Classification

The first reported B-defensin, the tracheal antimicrobial
peptide (TAP) [33], was a peptide with antimicrobial
properties isolated from cow tongue. The assignment of
TAP to the defensin family was based on its functional and
structural properties, similar to those described earlier for
several neutrophil peptides (NPs, referred to as o-defen-
sins) [34]. The spacing between the cysteine residues and
the topology of the disulfide bonds in TAP were, however,
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Figure 1. Multiple sequence alignment of mature human S-defensins. The 23 sequences represent peptides which have been purified from natural sources or have been detected at the level of
mRNA. The positions of six completely conserved Cys residues are highlighted in yellow. Highly conserved Gly, Glu, basic and hydrophobic residues are shown on green, red, blue and gray

background, respectively.
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ters, it is possible that the number of DEFB genes is even
higher [64]. Some of the DEFB coding sequences, how-
ever, likely represent pseudogenes, since their mRNA
products contain premature stop codons [16].

The first gene cluster, coding for S-defensins DEFBI,
DEFB4 and DEFB103, is located within chromosomal
region 8p21-p23, which also includes all the o~defensin
genes [16, 72, 73]. This observation suggested the pres-
ence of the common ancestral progenitor defensin gene
[16]. Subsequently, three other DEFB gene clusters were
identified within chromosomes 6p12,20q11.1 and 20p13.
To date, the expression of many of these S-defensins was
confirmed by either reverse transcription-polymerase
chain reaction (RT-PCR) or mRNA hybridization at the
transcriptional level (Table 1).

The pattern of human S-defensin genes shows a com-
mon organization. The genomic structure consists of
two exons and one intron. The only exception is the gene
DEFBI105, which contains three exons and two introns.
In all but the DEFBI gene, the first exon encodes the sig-
nal peptide and the second carries information about the
sequence of mature peptide preceded by a short anionic
pro-peptide [14, 57, 73, 74]. In the DEFB1 gene, the first
exon encodes the signal peptide and pro-peptide segment
[73]. Post-translational modifications include the proteo-
lytic cleavage of the signal sequence and, subsequently,
of the N-terminal pro-piece [75, 76]. A mature peptide is
often additionally truncated at the N-terminus, yielding
multiple forms released into designated compartments
[36, 47,51, 77]. In vivo, processed according to an as yet
unknown mechanism, f-pro-defensins are secreted into
the immediate surroundings of epithelial cells.

A growing family of proteins with a strong homology to
B-defensins, called epididymis-specific secretory pro-
teins (EP2/HE2/SPAG11), comprises the androgen-de-
pendent molecules that are specifically expressed in the
epithelium of the male reproductive tract [78—81]. The
human gene encoding EP2 is located within the same sec-
tion of chromosome 8§ as several of the B-defensin genes
[60, 71]. Through splice variation, several transcripts of
the EP2 gene (EP2A-EP2I) are generated in various re-
gions of the human and chimpanzee epididymis [82—84].
Three of these variants, EP2C/D/E, share the cysteine
motifs with B-defensins [82, 83]. The members of the
EP2 family also share antibacterial properties with f3-de-
fensins [85, 86].

Sites of expression and gene regulation

To date, only the first four human B-defensins have been
characterized in some detail (Table 1). HBD-1 is primar-
ily expressed in the epithelial lining of the urinary and
respiratory tracts [43, 47, 87]. The constitutive expression
of hBD-1 is observed in various tissues [48, 49, 88] and

Human f-defensins

may be modulated by inflammation [89-93]. Further-
more, expression of hBD-1 can be induced and upregu-
lated by lipopolysaccharides (LPSs), heat-inactivated
Pseudomonas aeruginosa and interferon gamma (IFN-y)
[89, 91-94].

The most prevelant expression of hBD-2 is observed
in skin and the gastrointestinal and respiratory tracts;
however, substantial amounts of this defensin are pres-
ent throughout the entire epithelia [51, 95]. HBD-3, in
addition to the epithelia, was also detected at lower lev-
els in different nonepithelial cells in the heart, liver, fe-
tal thymus and placenta [40, 57, 96]. Isolation of hBD-4
from the natural source has not yet been described [7].
Whereas analyses of the natural distribution of hBD-4
are based on detection of appropriate mRNA (Table 1),
a partial characterization of this defensin relies on syn-
thetic/recombinant preparations [59]. HBD-4 is primarily
expressed in the testis and epididymis [59]. Although the
inducible expression of hBD-4 was detected in primary
keratinocytes [61], so far there is no confirmation of its
presence in human skin.

Duetoa very low basal expression of hBD-2 through hBD-
4 in epithelial cells, the expression-regulation of these
defensins is somewhat different compared with hBD-1.
Up-regulation of their expression can be induced in re-
sponse to bacterial infection or proinflammatory stimuli
[48, 58, 59, 70]. At the transcriptional level, induction of
hBD-2 and hBD-3 synthesis was observed in gastric and
respiratory epithelium, peripheral blood, dendritic cells
and keranatinocytes [5, 84, 94, 95, 97-99]. Stimulators of
hBD-2 expression include interleukin-1o (IL-cr), IL-1p,
tumor necrosis factor-o (TNF-c), IFN-y, phorbol 12-my-
ristate 13-acetate (PMA), isoleucine, 1,25-dihydroxyvi-
tamin D,, LPSs and some Gram-negative bacteria [7,
89, 94, 96-98, 100—103]. Similar to hBD-2, expression
of hBD-3 is induced in keratinocytes and the respiratory
epithelium by TNF-¢, IL-1f, IFN-v, various bacteria and
yeast [57, 58, 71]. In contrast to hBD-2, upregulation of
hBD-3 expression in keratinocytes was observed in the
presence of transforming growth factor alpha (TGF-o)
and insulin-like growth factor 1 (IGF-1) [99]. The identi-
fied factors upregulating hBD4 expression are similar, as
in the case of hBD-2 and hBD-3 [61, 99].

Variable expression and induction patterns of f-defensins
suggest involvement of multiple signaling pathways in the
regulation of these processes [91, 98, 104, 105]. In vari-
ous tissues, induction of hBD-2 expression by cytokines
and bacterial components is mediated through transcrip-
tional nuclear factor kB (NF-xB) — sometimes assisted by
activated protein 1, by mitogen-activated protein kinase
(MAP-kinase) and by protein kinase C (PKC) [56, 98,
106—-111]. A potential role of the JAK2 (Janus kinase)/
signal transducer and activator of transcription (STAT)
signaling pathway was suggested in hBD-1 and hBD-3
expression [61, 91]. Also, a contribution of protease-ac-
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tivated receptors to hBD-2 upregulation in epithelia was
recently described [112].

Induction of antimicrobial peptide proceeds through ac-
tivation of a distinct group of toll-like receptors (TLRs),
which recognize pathogen-associated molecular patterns
[104, 113, 114]. Through subsequent activation of NF-xB
and/or MAP-kinase signaling pathways, TLRs modulate
the expression of numerous genes [104, 113, 114]. The
participation of specific toll-like receptors (i.e. TLR2,
4, 6, 9) in the induction of hBD-2 expression, follow-
ing different bacterial stimuli, was observed in different
cells and tissues [113—122]. In all cases, the NF-xB and
AP1 sites were also found to be necessary for induction
of hBD-2 expression. Together, the reported results dem-
onstrate the complexity of mechanisms underlying up-
regulation of B-defensins and open a possibility for roles
of other molecular partners or signaling pathways in the
inducible production of hBDs.

The mechanisms regulating the expression of human S-
defensins other than hBD-1 through -4 are currently very
poorly understood. The expression of hBD-8 and hBD-
14, induced by IL-1p or the Candida species, appears to
be regulated similarly to hBD-4, involving the NF-«B,
MAP-kinase or JAK-STAT signal transduction pathways
[63]. The identification of multiple NF-kB-binding sites
within the hBD-6 gene points in a similar direction [60].
Understanding the details of the expression patterns, in-
ducing factors and signaling pathways for recently identi-
fied B-defensins requires further investigation. An exem-
plar here could be -defensins encoded on chromosome
20, misleadingly originally called ‘epididymis-specific’
[16, 60, 65, 68]. Recent studies show that, in addition
to epididymis and testis, these proteins are also secreted
in the pancreas, skeletal muscle and kidney (DEFB118,
DEFB125-127) [64, 68]. However, the biological func-
tions of these peptides are unknown, a particularly inter-
esting fact since there is no evidence for their expression

Table 2. Antimicrobial properties of human p-defensins

Review Article 1299

in airways or skin, i.e. the common expression sites for
B-defensins that are primarily involved in innate immu-
nity [68].

Diversity of biological activities

In addition to the well-recognized antimicrobial proper-
ties of B-defensins, recent reports picture these proteins
as potent immunomodulators, indicating their important
role in regulating both innate and adaptive immunities [5,
14, 21, 22, 30, 31, 35, 123-130].

Antimicrobial activity

Each of the B-defensins characterized to date has the ca-
pacity to kill or inhibit in vitro a wide variety of bacte-
ria and fungi, particularly at low concentrations of salt
and plasma proteins (Table 2) [10, 14, 31, 36, 125, 131,
132]. The spectrum of this antibacterial activity varies for
each of the four proteins. hBD-1 and hBD-2 have been
shown to be particularly effective against Gram-negative
bacteria and some fungi but relatively less potent against
Gram-positive bacteria [51, 70, 87, 133]. hBD-3 is a pow-
erful antimicrobial agent with a broad range of activity
toward yeast, Gram-negative and Gram-positive bacteria,
including the vanomycin-resistant Enterococcus faecium
[57, 58].

Studies of the effectiveness of hBD-2 and hBD-3 against
oral pathogens showed that both defensins are more potent
against aerobic bacteria (100% effective) than anaerobic
bacteria (21.4% and 50% effective for hBD-2 and hBD-
3, respectively) [134]. Both defensins also demonstrate
strain-specific activity against Candida species [90]. A
synergistic antibacterial effect against Staphylococcus
aureus was described for hBD1-3, LL-37 and lysozyme
[135].

Defensin Pathogen References

hBD-1 Escherichia coli, Pseudomonas aeruginosa, Klebsiella pneumoniae Staphylococcus [87,95]
aureus

hBD-2 E. coli, P. aeruginosa, K. pneumoniae S. aureus, Streptococcus pneumoniae, Candida [51, 70, 87,90, 133,
albicans, Candida parapsilosis, Candida krusei, Enterococcus faecalis, HIV-1 139, 140]

hBD-3 E. coli, P aeruginosa, K. pneumoniae, S. aureus, Streptococcus pyogenes, Ent. faecium, [57, 58, 90, 133,
Strep. pneumoniae, Staphylococcus carnosus, Burkholderia cepacia, Saccharomyces 139, 140, 143]
cerevisiae, C. albicans, C. parapsilosis, C. krusei, HIV-1

hBD-4 E. coli, S. carnosus, P aeruginosa, B. cepacia, Strep. pneumoniae, S. aureus, Sacch. [59, 26]
cerevisiae,

hBD-28 E. coli, P aeruginosa, K. pneumoniae, Strep. pneumoniae, S. aureus [133]

hBD-18 E.coli [67]

hBD-6 pro-peptide E. coli [64]
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Several studies also described potent antibacterial ac-
tivity of synthetic hBD-4, including such pathogens as
Burkholderia cepacia, bacteria resistant to other antibac-
terial agents and antibiotics [26, 59].

A number of reports showed that the microbicidal ac-
tivity of B-defensins (with the exception of hBD-3) was
strongly inhibited by sodium chloride at physiological
concentrations or by various divalent cations [57-59, 87,
95, 136]. These observations suggest the significance of
electrostatic interactions for B-defensin activity and seem
to restrict sites of such activity to low-salt compartments
(i.e. the surface of epithelium or skin) [57-59, 87, 95].
More recent evidence shows, however, that the salt sen-
sitivity of B-defensins in vivo may be lower than believed
originally [137]. Such salt tolerance as well as structure
dependence was observed for a few recently identified
B-defensins [64, 67, 133]. Whereas hBD-3-like antibac-
terial activity was demonstrated for hBD-28, similarily
sized hBD-27 was completely inactive against the bacte-
ria tested at concentrations up to 300 pug/ml [133]. High
and dose-dependent anti-Escherichia coli activity was
described for synthetic peptides corresponding to the pro-
tein products of DEFB106 and DEFB118 [64, 66].

Anti-HIV effect

Several recent reports demonstrated that S-defensins may
contribute to controlling the human immunodeficiency
virus-type 1 (HIV-1) replication in vivo [138—140]. Qui-
nones-Mateu and coworkers [139] demonstrated the HIV-
1-induced expression of hBD-2 and hBD-3 in human oral
epithelial cells, and dose-dependent inhibition of HIV-1
replication in vitro by recombinant hBD-2 and hBD-3.
A similar inhibitory effect was observed during RS and
X4 HIV infection of PMBC by chemically synthesized
B-defensins [138]. Whereas the former report indicated
that hBD-2 and hBD-3 downregulate the HIV-1 corecep-
tor CXCR4 in PBMC and T lymphocytes, suggesting in-
hibition of the X4 virus by B-defensins at the viral entry
step [139], authors of the latter did not observe receptor
down-regulation by hBD-2, and suggested instead that
a post-entry, intracellular signaling event is responsible
for the inhibition of HIV-1 replication [138]. The idea
of intracellular signaling involvement is reminiscent of
studies on inhibition of HIV replication by related hu-
man neutrophil o-defensins [141, 142]. Despite the dif-
ferences in the interpretation of inhibition at the cellular
level, B-defensins can directly inactivate HIV-1 virions
[138, 139]. This activity appears to be a common prop-
erty of defensins from different families [140].

One study reports the inhibitory effect of the influenza
virus fusion into host cells by retrocyclin 2 (6-defensin
RC2), hBD-3 and mannan-binding lectin (MBL) [143].
Authors proposed that inhibition of viral entry by these
natural host defense molecules arises due to cross-link-

Human f-defensins

ing and/or immobilizing of cell-surface glycoproteins.
Another report demonstrated the association of a single-
nucleotide polymorphism (44C/G) in the DEFBI (hBD-
1) gene with HIV-1 infection in Italian children [144]. It
has been also shown that hBD-1 expression is signifi-
cantly reduced in alveolar macrophages of HIV-infected
patients [145]. Upcoming studies should provide more
details on the molecular basis of HIV-1 inhibition by S-
defensins.

Chemotactic effects and in vivo immunoenhancing
activity

In 1999, Yang and coworkers observed the recruitment
of human immature dendritic cells (DCs) and memory
peripheral blood memory T cells by a concentration gra-
dient of hBD-1 and hBD-2 [35]. The chemotactic activ-
ity of hBD2—4 was later described for other blood cells
[57, 59, 146, 147]. In another report authors described
the hDB-2-dependent activation of mast cells [148]. The
chemotactic and immunoenhancing activities of 3-defen-
sins are not suppressed by the physiological concentra-
tion of salts and serum proteins [35]. The recruitment of
immature DCs and memory T cells by hBD-2 and hBD-
3 is mediated through the Gj-protein-coupled receptor
(GiPCR) CCR6 [35, 147, 149-151]. The competition
between hBD-2 and MIP-3« (the chemokine ligand of
CCR6) for CCR6 also was recently confirmed for stimu-
lated keratinocytes [152]. Combined, these results not
only confirm common signaling pathways in p-defensins
and MIP-3 o regulation, but also suggest an important and
complementary role of f-defensins in innate and adaptive
immunity. In addition to CCR6-mediated chemotaxis by
hBD1-3, gradient-dependent recruitment of CCR6-defi-
cient monocytes and macrophages observed for hBD-3
and hBD-4 suggests utilization of an additional GiPCR
receptor(s) [130].

The ability of B-defensins to chemoattract and/or activate
a wide variety of blood cells suggests that p-defensins
play roles in both the innate and antigen-specific immu-
nity of the host. Furthermore, the chemotactic activity of
B-defensins towards immature DCs also facilitates antigen
uptake, processing and presentation, leading to induction
of antigen-specific immune responses [123, 153].

The concept of S-defensins contributing to innate and
adaptive immunity through the production of pro-inflam-
matory cytokines, as previously shown for o-defensins
[154, 155], was also recently described [156, 157]. The
authors demonstrated an individual and synergistic induc-
tion of IL-18 as well as other pro-inflammatory cytokines
(i.e. IL-20 and IL-8) by hBD-1 through hBD-4, and of
the cathelicidin LL-37 in cultured human keratinocytes.
IL-18, IL-20 and IL-8 are believed to be involved in the
pathogenesis of psoriasis.
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Additional activities of 3-defensins

Several recent reports also indicate additional physiologi-
cal functions of -defensins [156, 158—161]. Significant
upregulation of hBD-1 and hBD-3 observed during the
maturation of keratinocytes suggests a possible role of
these peptides in cell differentiation processes [158,
159].

Another group of studies focused on identification of
correlations between the changes in -defensin expres-
sion patterns and the types and/or stages of tumor de-
velopment [156, 159, 161, 162]. Whereas it was shown
that differential gene expression profiles of hBD-1 can
be useful for distinguishing the subtypes of both renal
cell carcinoma and prostate cancer [156, 161], no similar
correlation was observed for hBD-2 in the case of gastric
tumors [162].

Observation of hBD-3 expression in osteoarthritic (OA)
joints in the absence of bacterial challenge prompted sug-
gestion of the role of this peptide in the tissue remodeling
processes taking place in OA cartilages [156, 160].

High expression levels in the male reproductive tract ob-
served for EP2 isoforms and a number of recently dis-
covered B-defensins (Table 1) indicate that these proteins
may play roles in the range of protective, adhesive, and
regulatory functions, confined to this compartment [60,
68, 80, 124, 163]. However, despite encouraging pre-
liminary results obtained during studies of f-defensins
126, 118, and 119-123, it is still unclear why such a wide
range of f-defensins is present in the male reproductive
tract [65, 66, 69, 163]. Whereas antimicrobial activities
of these defensins have been demonstrated in vitro, the
nature of their primary activity in vivo is still not fully
understood.

Structures of human p-defensins

Primary structures

The B-arrangement of disulfide bonds connecting the con-
served six cysteines has been confirmed experimentally
only for hBD-1, hBD-2 and hBD-3 [36, 51, 58]. With the
exception of hBD-5 and hBD-12, the first conserved cys-
teine residue is situated near the amino termini of the pep-
tides (Fig. 1). The Cys!-Cys* bridge introduces the macro-
cyclic covalent chain within the core of peptides [28].
Aside from the six cysteine residues, only a few other
residues are conserved to most f-defensins. Using the
hBD-1 numbering, these residues are Gly10, a cationic
residue at position 13; Glu21; and hydrophobic residues
24 and 36. The four most-studied hBDs (hBD-1 through
hBD-4) have a high content of cationic residues (Lys,
Arg), clustered primarily near the carboxyl termini of the
peptides (Fig. 1). Aggregation of these positive charges
is important for antimicrobial activity [1, 5, 14, 22, 24,
26,28, 164].
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Several B-defensins encoded on chromosomes 6 and 20
are characterized by an unusually long C-terminal tail
(Fig. 1). This extension, rich in anionic residues, has no
evident sequence similarity to other 3-defensins [67, 68].
Similar motifs are also found in the -defensin-like family
of HE2 peptides [65, 82, 85]. It was suggested that these
long C-termini contribute to the decreased salt sensitivity
of the antibacterial activity, as observed for -defensin
118 [67]. The functional significance of this hypothesis
remains to be analyzed.

Tertiary structures

To date, the structures of only three human B-defensins
(1 through 3) have been determined [165-169]. Ap-
propriate coordinates are deposited in the Protein Data
Bank (www.rcsb.org) with the entry codes 11JV, 1E4S
and 11JU [166, 169] for hBD1; 1FD3, 1FD4, 1E4Q, and
1FQQ [165, 167, 169] for hDB2; and 1KJ6 and 1KJ5
[168] for hBD-3. Despite limited amino acid sequence
conservation among the structurally characterized hBDs
[168], their tertiary structures are remarkably similar
(Fig. 2).

In all structures, the core of the molecule has a common
(‘defensin-like’) topological fold (Structural Classifica-
tion of Proteins) [174, 175]. The prototype for this fold is
the structure of human o-defensin-3 (PDB code 1DFN)
[176]. The core of the defensin molecule consists of three
B-strands arranged in an antiparallel sheet, which is con-
strained by three intramolecular disulfide bridges. In B-
defensins (but not in the o-class), the -sheet is flanked
by an o-helical segment of a variable length, formed by
the N-terminal fragment of the molecule [165, 166, 168].
The orientation of the o-helix in relation to the B-sheet is
stabilized by the disulfide bridge (Cys!-Cys’). Because
of the specific arrangement and linkage of the six con-
served cysteine residues in f-defensins, it was recently
suggested that the -defensin fold should be recognized
as a distinct topological family of proteins, which would
also include some toxins [177—179]. Such a proposal may
be somewhat premature, since the previous studies of the
hBD-3 isoforms provided evidence contradictory to those
observations [180].

A few additional notes may support the role of the 3-sheet
as central to the defensin’s structure and, presumably, its
function. Part of the second B-strand in all defensins (in-
cluding the o~class [181, 182]), consisting of the con-
served motif Gly-X-Cys, forms a -bulge [166, 182]. The
primarily role of 3-bulges is to accentuate a twist of the
B-sheets, and their presence is suggested as necessary for
the correct folding and formation of the native structure
by mammalian defensins [181]. Recently, it was shown
that residues forming f-sheets are less susceptible to ei-
ther negative or positive selection during the evolution of
mammalian -defensin genes [62].
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The size of the N-terminal o-helix, present in hBD-1
through hBD-3 (also found in murine defensins mBD-
7 and mBD-8 [169] and in penguin protein (Sphe-2)
[183], but not in bovine B-defensin-12 (bBD-12) [184])
is not correlated with the number of amino acids pre-
ceding the first cysteine residue (the N-terminus of
hBD-3 appears unstructured [168]). The small size and
variable length of this helical fragment have prompted
suggestions that some hBDs may lack it completely
[177]. The specific conformation of the N-termini in
B-defensins may be important for the biological prop-
erties of these proteins. The primary structures of this
region were suggested as contributing to observed dif-
ferences in the antimicrobial specificity of 3-defensins
[167].
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Human f-defensins

Despite only moderate sequence conservation, the C-
terminal sections in most S-defensins are rich in basic
and hydrophobic amino acids (Fig. 1). Consequently,
variably shaped molecular surfaces of the C-termini of
hBD-1 through hBD-3 have amphiphilic properties, with
clearly identifiable, asymmetrically distributed, positively
charged motifs (Fig. 2).

Quaternary structures

Human B-defensins display the potential to form vari-
ous oligomeric structures [165-169], which may play a
significant role or influence the biological activities and
functions of these proteins [24, 164]. The nature of oligo-
merization observed in B-defensins appears to be protein-

36(+4)

GIGDPVT EKSGAIH HPVF PRRYKQIGT GLPGTK “;KP 41(+6)

45(+11)

Figure 2. Structural comparison of human S-defensins. (¢) The amino acid sequence alignment (ClustalW [170]). Numbers in the brackets
represent formal charges. Above each sequence is shown the extent of the secondary structure elements. Six conserved cysteine residues
are colored in yellow, the anionic residues are shown in red, while the basic residues are shown in blue. (b) The ribbon representations of
monomeric fB-defensins (left side of the panel) are accompanied by the electrostatic potential maps projected on the solvent-accessible
surfaces [171] shown in the equivalent orientations (center of the panel) and after 180° rotation (right side of the panel). The positively and
negatively charged areas of the solvent-accessible surfaces are colored in blue and red, respectively. Figures were prepared with programs

MOLMOL [172] and Grasp [173].
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Figure 3. Models of interactions between defensins and bacterial membranes. (a) The ‘pore-formation’ model originally derived from
structural studies of hNP-3 [176]. (b) The less structurally restricted ‘carpet’ model, exemplified here by results of crystallographic studies
of hBD-2 [165]. The dimeric structures of both defensins, seen in their crystals and shown schematically in the smaller, black panels, are
accompanied by models of larger aggregates, theoretically derived ‘pores’ of hNP-3 and crystallographically determined octamers of hBD-
2 (larger black panels). The dimerization mode of hNP-3, a prerequisite for the assembly of the modeled pore, is inaccessible for hBD-2.

specific. The first report of B-defensin oligomerization
followed the crystallographic studies of hBD-2 [165].
Results obtained for two different crystal forms describe
the octameric assemblies contributed by four noncova-
lent dimers of hBD-2, stabilized by interactions between
the first B-strands of both monomers. The dimers are to-
pologically distinct from those described earlier for the
o~defensins [176]. The N-terminal o-helix plays an im-
portant role in the stabilization of the hBD-2 octamers
[165]. Oligomerization of hBD-2 was not confirmed in
subsequent studies in solution by either nuclear magnetic
resonance (NMR) spectrometry, light scattering or size
exclusion chromatography [167, 169]. Because the ag-
gregation of B-defensins occurs only at elevated protein
concentrations (>3 mM) and, possibly, in the sterically
constraining environment of a bacterial membrane, the
results obtained during the crystallographic studies may
be the most adequate of all approaches reported [169].
The flat disk shape of hBD-2 octamers and the charge
surface distribution suggest the possible mode of interac-
tion with the surfaces of microbial membranes (Fig. 3).

Only weakly associated dimers (stabilized primarily
through the salt bridges) were found in the crystals of
hBD-1 [166]. Taking into account the significant recip-
rocal dependence of the antimicrobial activity of hBD-
1 on salt concentration [87, 131], the latter observation
may bear functional relevance. A systematic study of
hBD-3 showed that this highly cationic molecule creates
symmetric dimers that are stabilized by two salt bridges

between Glu-28 and Lys-32, and by one hydrogen bond
[168]. Subsequent mutational studies confirmed a signif-
icant role of Glu-28 in stabilizing the oligomeric struc-
ture of hBD-3 [185]. The capacity to create stable dimers
in solution, at low concentrations, has been suggested as
a possible reason for the high and salt-independent anti-
bacterial activity of hBD-3 [24, 58, 185].

Non-defensin molecules with the defensin-like fold

The broad distribution of peptides that share the de-
fensin-like fold provided cause to identify the struc-
tural similarities among these peptides, and possibly
to reconstruct the evolutionary tree connecting them to
their common ancestor(s) [186]. A possible evolution-
ary relation is strongly supported by current structural
information [177, 186, 187]. The defensin-like fold
has been observed for various toxins, including snake
toxins [183, 187], sea anemone toxins [188, 189] and
platypus venom toxins (defensin-like peptides, DLP1
and DLP-2) [178, 190, 191]. Curiously, platypus DLPs
have neither antimicrobial nor mytotoxic properties, and
their roles as the components of the venom are unknown
[178]. Although there are no reports on reptile defen-
sins, database searches showed a high degree of similar-
ity between both the signal sequences and mature pep-
tides of human B-defensins and avian -defensins [183,
186] (e.g. gallinacins [187, 192], gallopavins [187, 193]



1304 M. Pazgier et al.

p2 3
=
hBD-2 GIGDPVT LES ]HP---VF PRRYKQIGT GLPGﬁj EKP 41

bNB-12 APLS GRNGGV IP---IR IGT FGRPVK] RSW 38
2
Sphe-2 SFGL RLRRGE—“—GR RFPSIPIGI s—nrimww 38
[}

==
DLP-1 FVQHRPRD ESINGV RHEDTVN REIF--LAD YNDGQK RK 42

bNB-12

Sphe-2 DLP-1

Figure 4. Multiple sequence alignment [170] and ribbon represen-
tations of four different molecules from p-defensin-fold family. The
PDB accession codes are 1FD3 (hBD-2, [165]), 1BNB (bBD-12,
[184]), (Sphe-2, [183]) and 1B8W (DLP-2, [190]). The six con-
served Cys residues and moderately conserved Gly residue are
shown in yellow and blue, respectively. The red cylinders represent
residues of o-helical conformation, while the blue arrows represent
residues of B-strand conformation. The distributions of the second-
ary structure elements are indicated over each sequence. The car-
toon part of this figure was prepared with the program MOLMOL
[172].

and spheniscins [194]. To date, only B-defensins (but
not o) were identified in reptiles and birds, suggesting
the appearance of the p-defensin-like molecule prior to
the evolutionary split of reptiles, birds and mammals
[123, 186]. Possibly, originating from such an ancestor,
genes have gradually evolved into -, - and 6-defen-
sins, accumulating various biological activities [186].
Figure 4 shows the alignment of amino acid sequences
and tertiary structures of representative molecules from
the B-defensin-like fold family.

Despite conservation of the overall fold, such differ-
ences as lack of the N-terminal c-helix in bovine BD-
12 or the presence of only two f-strands in DLP-2 can
be easily recognized. Structurally, the most similar to
hBDs appears to be the penguin peptide Sphe-2. This
highly cationic peptide has a well-defined amphiphilic
surface; however, the charge distribution is different than
in the case of human f-defensins [183]. Nevertheless,
the amphiphilic character and high positive net charge of
Sphe-2 have been associated with its substantial antibac-
terial activity and relatively low salt activity dependence
[183].

Human f-defensins

Structure-function relationship
Antimicrobial activity

The mechanism

An increasing number of studies focus on a better un-
derstanding the mechanism governing the microbicidal
activities of fB-defensins [24, 25, 164, 185, 195, 196].
These studies indicate that -defensin molecules bind to
the negatively charged cytoplasmic membranes and dis-
rupt their integrity, leading to a leakage of intracellular
components and inhibition of the DNA, RNA and protein
synthesis [3, 6, 22, 23, 26, 125, 132].

Accordingly, the antimicrobial activity and specificity of
B-defensins are primarily determined by their physico-
chemical properties, such as amphiphilic character and a
precise balance of positive net charge and hydrophobic-
ity. Additional roles are assigned to the structural proper-
ties of B-defensins [14, 24, 185, 195, 196]; oligomeriza-
tion [25, 165, 168, 197]; and proteolytic stability [7, 198].
Whereas all B-defensins share a very similar structural
core, it has been postulated that their microbe specificity
results from variable arrangements of nonconserved resi-
dues [62, 164]. A broad spectrum of diverse distributions
of surface-displayed functions observed for B-defensins
is, in turn, a consequence of a pressure posed by con-
stantly evolving bacteria [24, 25].

The central role of interactions between the negatively
charged membrane components and -defensins for the
bactericidal properties is supported by the results of ex-
periments with artificial membranes [58, 67, 136, 199,
200], as well as with modified bacterial membranes [29,
201, 202]. The importance of electric forces in defensin
action on bacterial membranes was confirmed experi-
mentally for several o-defensins [203—206]. Whereas a
partial correlation between the net charge of whole bac-
teria and the killing potential of B-defensins was dem-
onstrated for some cariogenic and periodontal bacteria,
it was limited only to a narrow range of bacterial strains
[207]. These results suggest a rather complex mechanism
of antibacterial activity of 3-defensins, possibly different
from the mechanism responsible for the antibacterial ac-
tivities of other AMPs.

The molecular details of the interactions between f-de-
fensins and membranes are, as yet, not clear. According
to one model, B-defensins might form channel-like pores
spanning across the membranes [27, 199, 200, 208-213].
Following the initial electrostatic interactions of defensin
molecules with anionic phospholipid head groups of the
membrane, the peptides are fused into the membrane’s
interior. The driving force behind the fusion would be
the interaction between hydrophobic components of the
membrane lipid core and defensin molecules (Fig. 3).

In the second model, the carpet-line layer of 3-defen-
sin molecules, formed on the surface of the microbial
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membrane, neutralizes negatively charged lipid moi-
eties and the transmembrane electric potential [208,
214-216]. In this model, B-defensins act like classic
detergents, binding at high concentrations to the pho-
spolipid head groups on the bacterial surface. Support
for the ‘pore-formation’ model is provided by the am-
phiphilic character of the 3-defensin molecules and, to
some extent, by their ability to oligomerize [217]. The
weakness of this model stems from the requirement of
specific oligomerization needed for channel formation,
i.e. a property that as yet has not been directly observed
for any defensin. In contrast, neither specific oligomer-
ization nor extensive hydrophobicity of the surface is
required, according to the ‘carpet model’ [23]. Whereas
hydrophobic regions of the molecular surface of p-de-
fensin molecules play a role in stabilizing their oligo-
meric structures, a demonstration of charge-dependent
activity of these peptides is in agreement with the ‘car-
pet’ model [180].

Most likely, however, neither of these two ‘pure’ models
correctly describes the mechanism of microbial killing,
and multiple flavors of the overall scheme may be behind
the interactions of different B-defensins and various mi-
crobes. Further elucidation of mechanistic details prob-
ably will require studies of the interactions between -de-
fensins and membrane components other than positively
charged lipids (i.e. carbohydrates), as well as studies of
possible specific interactions with molecular targets, spe-
cific to individual microorganisms [3, 14, 24, 132, 164,
180, 217].

Role of oligomerization vs. positive charge

A role of the quaternary structure on the biological ac-
tivity of B-defensins has been explored by Campopiano
and coworkers [218]. They described a positive effect
of covalently cross-linked dimerization of Defrl (a p-
defensin-like peptide from mouse heart) on the ability
to disrupt bacterial membranes. Broad and salt-indepen-
dent antimicrobial activity of hBD-3 has been thought
to be a result of a high positive charge (+11) and the
ability to dimerize [58, 168]. Subsequent studies of the
structure-activity relationship of hBD-3, however, have
not confirmed a clear role of oligomerization in the an-
tibacterial activity of this peptide [185, 196]. In turn,
a high overall hydrophobicity and positive net charge
of the hBD-3 molecule was suggested as more impor-
tant than its ability to oligomerize. In line with these
conclusions, introduction of additional tryptophan and
tyrosine residues have been shown to enhance activity
[196]. Further evidence comes from the observation that
the positive selection of the DEFBI103 gene in human
and primate species has favored alteration of the posi-
tive charge rather than other factors that could affect the
antimicrobial properties of hBD-3 [24].
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Role of the disulfide array

Several reports indicated that the three disulfide bridges
are not required for antimicrobial activity of -defen-
sins [180, 218-221]. Analyses of the structure-activity
relationship also showed that full-length hBD-3 dis-
plays very little change in anti-£. coli activity, irrespec-
tive of the presence or connectivity of disulfides [180,
221]. Similar results have been obtained for the syn-
thetic C-terminal fragments of bovine B-defensin-12,
for which the antibacterial activity also did not seem
to be related to the number and location of disulfide
bonds [219, 220]. Defrl, consisting of only five cyste-
ine residues, has high antimicrobial activity against P
aeruginosa, whereas activity of its mutated form, stabi-
lized by a network of disulfide bonds, similar to that of
other B-defensins, is significantly impaired [218]. A re-
cent report indicates that the main function of disulfide
linkages in defensins is protection from proteolysis due
to stabilization of the compact and rigid fold [7]. Al-
though the presence of disulfide bonds may not be re-
quired for the antimicrobial properties of S-defensins,
a requirement of restrained structures with precisely
defined Cys-Cys linkages for other biological proper-
ties of these peptides (such as chemotaxis) should be
studied further [180].

The role of other structural motifs

Observation that the stability of the secondary structure
of hBD-3 may be independent of the disulfide network
opens the possibility that the antibacterial activities of
p-defensins may be related to some local topological
features of these peptides [196]. Identification of such
structural motifs in B-defensins appears, however, quite
difficult [164]. Previous studies of bBD-12 showed some
correlation between the basic charge of the C-terminal
tail and high in vitro antimicrobial activity of this pep-
tide [219, 220]. Similar observations were also reported
for hBD-3 [221]. The latter report also suggested, how-
ever, other structural features as possibly important for
interactions with the microbial membranes [221]. Data
indicate a possible role of the N-terminal o-helix in the
antimicrobial properties of hBD-2. The relative orienta-
tion of this a~helix in hBD-2 is stabilized by Asp4, the
residue earlier demonstrated as a significant factor for
this peptide’s ability to permeabilize the E. coli cytoplas-
mic membrane [24, 195]. Subsequent work on derivatives
of hBD-3 [221] partially confirmed these observations,
reporting the peptide corresponding to the N-terminal
o-helical fragment as a potent agent against S. aureus
and Candida albicans. Evolutionary analyses of the BD-
1 through BD-4 genes in primates indicate several sites,
located within the N-terminal helix, as being subject to
positive selection, suggesting a possible involvement of
this fragment in anchoring the fB-defensin molecules to
the bacterial membrane [62].
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HBD2

MIP-3c

Figure 5. Residues reported as important for the chemotactic activity of hBD-2 and MIP-3¢. Monomers of both proteins are shown in the
form of the backbone tubes sketched together with the molecular surfaces (figures have been created based on [224, 225]). The aspartate
residues, hydrophobic residues (Leu, Tyr or Val) and positively charged residues are shown in red, gray and blue, respectively. The cysteine
residues within the DPVTCL and DCCL motifs of hBD-2 and MIP-3 ¢, respectively, are shown in yellow.

Hemolytic properties

The interaction of defensins with membranes is relatively
selective [222]. The phosphatidylcholine/phosphatidyl-
ethanolamine-rich and less-charged cytoplasmic mem-
branes of eukaryotic host cells are degraded by defensins,
as demonstrated in the hemolysis and cytoxicity tests of
hBD-3 on various human cells, including erythrocytes
[22, 58, 139]. The structural basis of the interactions be-
tween B-defensins with eukaryotic membranes is very
poorly understood. Limited data suggest the importance
of hydrophobic interactions for hemolytic and cytoxic ac-
tivities of B-defensins [197]. Kluver and coworkers [196]
demonstrated that the activity of hBD-3 on eukaryotic
cells is dependent on overall hydrophobicity and is not re-
lated to the distribution of secondary structure elements.

Chemotactic activity

The molecular details behind the receptor-mediated
chemotactic activity of -defensins are unknown. Stud-
ies of the hBD-3 isoforms with alternate disulfide link-
ages showed alteration of chemotactic activities against
monocytes and CCR6(+)HEK293 cells, depending on
the disulfide topology [180]. Importantly, the disulfide-
deficient variant of hBD-3 was completely inactive in
these assays. Enhanced activity of some of the isoforms,
as compared with the chemokine ligand of CCR6, MIP-
3o, suggests a direct involvement of topological motifs
encapsulating the disulfide sites in receptor binding and
activation by hBD-3 [180].

Competition between f-defensins and MIP-3a for CCR6
binding has led to suggestions of similarly structured mo-
tifs, present in both ligands [35, 223]. While a comparison
of the primary structures of hBDs (1 and 2) and MIP-3«

revealed only very weak homology, subtle similarities were
identified at the level of the three-dimensional structure
[224, 225]. These similarities include small topological
motifs that could mediate receptor recognition, activation
and signal dispatching; shallow grooves on one face of
the molecules that potentially create the region of CCR6
binding; and similar distributions of charge residues on the
molecular surface areas, which are believed important for
receptor binding specificity [224, 225] (see also Fig. 5).
The motif consisting of two N-terminal cysteines and the
flanking residues (the DCCL motifin MIP-3 ) is believed
to be important for the chemotactic activity of many CC
chemokines [226-230]. A major role in receptor-ligand
recognition, high-affinity binding, activation and signal
dispatching was attributed to these N-terminal residues
[228, 231, 232]. It has been postulated that molecules
of hBD-1 and hBD-2 carry topologically similar motifs,
with a single asparate followed by the hydrophobic resi-
due (DHY motif in hBD-1 and DPV or DPVTCL motif
in hBD-2 [224, 225]). These residues, being positioned
within the well-structured o-helix near a disulfide bond,
are also sterically restrained.

Another feature in hBD-2, resembling the groove in the
molecule of MIP-3¢ created by the N-loop and the p2-
B3 hairpin, is formed by the N-terminal helix, the loop
between first two S-strands and the residues at the C-ter-
minus [68, 224, 228]. Mutagenesis and receptor binding
studies have indicated the importance of this groove for
recognition and high-affinity ligand binding in chemo-
kines [231, 233].

Beyond the strictly structural similarities between f-
defensins and MIP-3¢, both types of molecules share
some similarity in the distribution of positively charged
residues on the molecular surface (Fig. 5) [224, 225]).
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Interestingly, antimicrobial activity was also reported for
MIP-3¢; [234].

Closing remarks

Current evidence shows multiple and complementary
roles of B-defensins. In addition to the hallmark, anti-
microbial properties of these proteins, recent studies
provide numerous examples of other activities, although
their relevance in vivo is not yet completely established.
The large number of these structurally and functionally
similar molecules encoded by a single genome suggests
redundancies and complementarities of their biological
roles. Whereas mice deficient in a single 3-defensin are
more susceptible to infections by specific pathogens,
their antimicrobial resistance is not grossly compro-
mised [235, 236]. However, despite accelerated efforts
in research on defensins, numerous questions still re-
main unanswered. What is the molecular mechanism of
their antibacterial and antiviral activity? Are their che-
motactic properties physiologically relevant? How, if at
all, are the structural features of these peptides related to
their biological properties and specificities? These are
just a few, yet very important, questions that certainly
need to be addressed. Current interest in human defen-
sins promises that in the near future, more than just a
handful of the proteins will be fully characterized, lead-
ing to a better understanding of their multifaceted roles
in human physiology and pathophysiology. It is already
apparent that the properties of defensins warrant an ex-
ploration of their potential in therapeutic and preventive
(i.e. topical antimicrobial) applications. Their diversity
of biological functions makes S-defensins attractive
candidates for the development of novel therapeutic
strategies [237, 238]. Different mechanisms of action,
as compared with those of traditional antibacterial and
antiviral drugs, has already led to the consideration of
p-defensins as substitutes in the treatment of various
microbial infections [140, 143, 239], thermal injury
[21] and Crohn’s disease [30]. The anticancer activity
of these proteins indicates a possibility for their use in
cancer treatment [222], while their role as modulators
and/or enhancers of immune responses hints at the de-
velopment of novel vaccines [240].
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