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The hirudin-like factor 1 (HLF1) of Hirudo medicinalis belongs to a new
class of leech-derived factors. In previous investigations, HLF1 did not exhi-
bit anticoagulatory activities. Here, we describe the analysis of natural and
synthetic variants of HLF1 and HLF-Hyb, a yet uncharacterized member of
the HLF family. Modifications within the N terminus of HLF1 have a strong
impact on its activity. Some variants of HLF1 exhibit thrombin-inhibiting
activity comparable to hirudins, whereas others have reduced or no activity.
The analyses of HLF-Hyb variants revealed a strong impact of the central
globular domain on activity. Our results indicate a comparable mode of
action of hirudins and thrombin-inhibiting HLF variants. Finally, we propose
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and discuss criteria for classifying hirudins and HLFs.

coagulation; Hirudin; Hirudin-like factors;

The saliva of hematophagous leeches comprises a com-
plex mixture of bioactive molecules [1-4]. To date,
merely a handful of these factors are functionally char-
acterized and only the thrombin inhibitor hirudin
found its way to clinical application [5,6]. The hirudin-
like factors (HLFs) represent a recently described sub-
class of compounds derived from the salivary glands
of medicinal leeches of the genera Hirudo and Hirudi-
naria [7,8]. HLFs comprise structural features charac-
teristic to hirudin (e.g., six cysteine residues within a
central globular domain and a common gene structure
composed of four exons and three introns), but may
considerably differ in biochemical properties such as
molecular weight and isoelectric point (pI value). In
previous works, we have described the purification and
functional characterization of HLF1 (originating from
Hirudo medicinalis) [7] and HLF5, HLF6, and HLFS
(originating from Hirudinaria manillensis) [9], respec-
tively. While HLF1 and HLF6 did not exhibit any
measurable anticoagulatory activity, both HLFS and

Abbreviation
HLFs, hirudin-like factors; TT, thrombin time test.

HLF8 did. However, the antithrombin activity of
HLF5 and HLF8 was markedly lower compared to
hirudins of the genera Hirudo and Hirudinaria, but
was in a range of activity compared to a hirudin vari-
ant that is actually expressed in the North American
leech Macrobdella decora (hirudinyge) [10]. Based on
these observations, we have recently proposed to use
the terms ‘full hirudin’, ‘unorthodox hirudins’, and
‘HLFs’ to also linguistically differentiate between fac-
tors with high, medium, or low-to-zero thrombin-
inhibitory activity.

Differences of proteins in their biological activities
are very likely caused by structural differences. And
indeed, there are pronounced differences in the pri-
mary structure (amino acid sequence) of full hirudins,
unorthodox hirudins, and HLFs. Common theme are
the six conserved cysteine residues, but features such
as the length and composition of the C-terminal tail,
the number and position of positively (hence basic) or
negatively (hence acidic) charged amino acid residues,
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or the overall pl value (isoelectric point) differ in a
wide range [8]. Interestingly, all full and also all
unorthodox hirudins that were functionally tested so
far and that exhibited an anticoagulatory and
antithrombin activity (justifying their classification as
hirudins) comprise a pl value of about 4.1-4.6. These
pl values are the result of an excess of acidic amino
acid residues compared to basic amino acid residues,
especially within the elongated C-terminal tail of these
factors. Analyses of the thrombin-hirudin interactions
based on cocrystallographic data revealed several
hydrophilic and hydrophobic interactions of the C-ter-
minal tail with the surface of thrombin, especially at
the fibrinogen binding site (exosite 1) of thrombin
[11,12]. In contrast, the N-terminal amino acid resi-
dues of hirudin plug into the active site of thrombin
and hence block its catalytic activity [13,14]. As a
result, hirudin is a so-called bivalent thrombin inhibi-
tor [15,16]. Alterations of the N-terminal five amino
acid residues or changes within the C-terminal tail
greatly modify the inhibitory potency of hirudin [17—
19]. The central globular domain of hirudin is stabi-
lized by the formation of three disulfide bonds, and
activity of the hirudin molecule completely depends on
the correct formation of all bonds [20-22]. However,
the effects of changes of other amino acid residues
within the globular domain of hirudin are by far less
well analyzed, compared to investigations of the N-
and C-terminal tails [23]. Incorporation of an RGD
motif by replacement of Serz;-Aspss;-Glyss with the
tripeptide Arg-Gly-Asp between cysteine residues 5
and 6 of hirudin variant HV1 did not alter its
antithrombin activity [24]. The RGD motif acts as a
recognition site for integrin binding [25] and facilitates
the inhibition of platelet aggregation by the leech fac-
tors ornatin [26], decorsin [27], and RGD-hirudin [28].

A cDNA encoding the HLF1 was first purified from
a cDNA library of Hirudo sp. [7]. Later on, the
cDNAs and genes of several HLF1 variants could be
identified in specimens of H. medicinalis, Hirudo ver-
bana, and Hirudo orientalis, respectively [8]. HLF1 is
of about the same length (62 aa) as the hirudin vari-
ants (65-66 aa) and comprises a C-terminal tail that
contains a large number (13) of acidic amino acid resi-
dues. In addition, basic amino acid residues are almost
completely absent, with a lysine residue at the very C-
terminal end as the only exception. The N terminus of
HLF1 has a length of four amino acid residues
(counted up to the first cysteine residue), with a tyro-
sine residue at position 2. In hirudins, a respective tyr-
osine residue is present at position 3 [29]. The several
variants of HLF1 differ in the length of the C-terminal
tail and in the actual number of acidic amino acid
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residues within (ranging from 13 to 16). Additionally,
they differ in the number (4 or 5) and the composition
of the N-terminal amino acid residues [8]. Strikingly,
all HLF1 variants with five amino acid residues at the
N terminus comprise a tyrosine residue at position 3.

The aim of the present study was to evaluate the
putative influence of the N terminus of HLF1 on its
antithrombin activity. Furthermore, we wanted to
characterize two additional natural HLFs of H. medic-
inalis, namely HLF2 and HLF-Hyb. HLF1 and HLF2
differ markedly in their pl values: 3.2 for HLF1 and
6.7 for HLF2, mainly caused by the different ratios of
acidic versus basic amino acid residues (16 : 1 in
HLF1, 7 : 8 in HLF2). These differences are especially
prominent within the C-terminal tail, but are further-
more spread over the entire molecule including the N
terminus and the central globular domain. HLF-Hyb
represents a somehow curious example of HLFs, as it
is a hybrid composed of both HLF1 and HLF2. It
comprises the N-terminal part (including the central
globular domain) of HLF2 and the elongated acidic
C-terminal tail of HLF1. Consequently, both its pl
value (about 4.2) and the acidic versus basic amino
acid residue ratio (14 : 7) are right in between. Hence,
HLF-Hyb might be a very good candidate to disentan-
gle the putative influence of different parts of HLF
molecules on their functionality.

Materials and methods

Genotyping of animals and tissue preparation

The biological material used in this study (specimens of
H. medicinalis, H. verbana, and H. orientalis and salivary
gland preparations) was already described by Miiller ez al.
[7,8]. Information on genotyping data and GenBank acces-
sion numbers can be obtained from the same publications.

Overexpression and purification of His-tagged
HLFs and hirudins

The procedure to clone cDNAs encoding HLFs and hiru-
dins to overexpress and purify the respective proteins was
previously described in detail [7]. Briefly, we applied a
system developed by Qiagen (Hilden, Germany). The
pQE30Xa vector encodes a factor Xa protease recognition
site between the His-tag coding region on the 5 side and
the multiple cloning site on the 3’ side. Factor Xa protease
treatment cleaves off the His-tag and results in a recombi-
nant protein that is free of any vector-derived amino acids
at the N terminus.

Partial cDNAs of HLFs were cloned into pQE30Xa in
a way that the first amino acid of the respective HLF
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(without the signal sequence) was located directly adja-
cent to the factor Xa protease cleavage site. The cDNA
sequences of interest were amplified using appropriate
primer pairs and Phusion™ High-Fidelity DNA poly-
merase (Thermo Scientific, Schwerte, Germany). For the
overexpression, pQE30Xa clones containing inserts encod-
ing the HLF variants of interest were transformed into
appropriate Escherichia coli strains. Two flasks, each con-
taining 500 mL of LB medium with ampicillin, were
inoculated with 10 mL of a preculture. From the start of
inoculation, optical densities were determined in a regular
frequence. At an ODgoy = 0.5, the expression of hirudin
and HLF variants was induced by adding IPTG to a
final concentration of 1 mm. After 4 h of expression, cells
were harvested, the pellet was carefully resuspended in
binding buffer (20 mm Tris/HCl, 500 mm NaCl, 5 mm
imidazole, pH 7.9), and the cells were sonicated using a
Sonopuls homogenizer (Bandelin, Berlin, Germany). After
centrifugation for 1 h at 4 °C and 4500 r.p.m. (~ 3900 g)
in a Labofuge 400R (Thermo Scientific), the supernatant
was carefully removed, filtered through a filter with a
pore size of 0.45 pm, and loaded on a self-packed col-
umn containing Ni-IDA His-Bind® resin (Merck, Darm-
stadt, Germany). Washing and elution steps were
performed as recommended by the manufacturer of the
resin. Equal volumes of every fraction were analyzed by
SDS/PAGE on 20% gels. Prior to the treatment with
factor Xa protease, fractions of interest were dialyzed
twice for 24 h at 4 °C against a 100-fold excess of reac-
tion buffer (20 mm Tris/HCI, 100 mm NaCl, 2 mm CaCl,,
pH 8.0) in a dialysis membrane with a MWCO of 5000
(Roth, Karlsruhe, Germany). The final volume was
approximately 10 mL.

Factor Xa protease treatment and purification

The treatment of fusion proteins containing the factor Xa
protease recognition sequence consisted of three steps: (a)
factor Xa protease cleavage, (b) removal of factor Xa pro-
tease, and (c) cleanup of the digested protein. All steps were
performed as recommended by the manufacturer (Qiagen).
Purity of recombinant hirudins and HLFs was confirmed by
SDS/PAGE on 20% gels. Molar concentrations of protein
solutions were calculated by dividing the absorbance at
280 nm by the molar absorption coefficient according to the
equation &= (nW x 5500) + (nY x 1490) + (nC x 125)
[30,31].

Blood coagulation assays

To verify the putative antithrombotic activity of purified
natural and synthetic HLFs, the thrombin time test (TT,
reference range 16.8-21.4 s) was performed using a BFT II
analyzer (Siemens Healthcare, Erlangen, Germany). All
steps  followed the instructions outlined by the
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manufacturer. For the coagulation assays, the protein sam-
ples were diluted with dialysis buffer to reach final concen-
trations of 50 and 5 pm, respectively. The desired amount
of substrate was transferred directly into the cuvette imme-
diately before the plasma was added. Dade® Ci-Trol® 1
(Siemens Healthcare) was used as standardized human
plasma. The incubation of reaction mixtures was carried
out at 37.4 °C. Measurements that lasted up to 300 s were
stopped and declared as a complete inhibition of clot
formation.

Generation of synthetic HLF variants

The chimeric HLF variant HLF-Hyb2a was generated
using the gene synthesis service of BioCat GmbH (Heidel-
berg, Germany). All other HLF variants were generated by
PCR using appropriate primers to incorporate alterations
in the nucleotide sequences that lead to the desired alter-
ations in the amino acid sequences. Table 1 summarizes the
origin (natural or synthetic) of all factors that are described
and analyzed in the study.

Results

The main aim of the present study was to characterize
variants of HLFs in their ability to negatively influence
the thrombin activity and hence the blood coagulation
cascade. Both naturally occurring and genetically mod-
ified variants of the HLFI were tested in respective

Table 1. Origin (natural or synthetic) and N-terminal amino acid
sequences of all factors described and analyzed in the study.
Acidic residues are marked in red, basic residues are marked in
blue, and neutral aliphatic residues are marked in green.

Factor Origin N terminus
HV1 Natural VVYTD
HV2 Natural ITYTD
HLF1 Natural I-YGP
HLF2 Natural IVFRP
HLF1V Synthetic IVYGP
VLF1long Natural IVYGP
HLF1D Natural IDYEP
HLF1D-DG Synthetic IDYGP
HLF1D-VE Synthetic IVYEP
HLF1D-VG Synthetic IVYGP
HLF-Hyb Natural IVFRP
HLF-HybG Synthetic IVFGP
HLF-HybD Synthetic IVFRD
HLF1V-YR Synthetic IVYRP
HLF1V-FR Synthetic IVFRP
HLF1V-FG Synthetic IVFGP
HLF1V-FRD Synthetic IVFRD
HLF-Hyb2a Synthetic IVYGP
HLF-Hyb2b Synthetic IVFRP
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coagulation assays. In addition, the HLF2, hybrids
between HLF1 and HLF2 (HLF-Hyb and HLF-
Hyb2), and variants thereof were analyzed.

HLF1: effects of the N terminus

HLF1 of H. medicinalis was already previously ana-
lyzed and did not exhibit anticoagulatory activity when
tested in the aPTT assay [7]. Comparison of natural
HLF1 variants derived from specimen of H. medici-
nalis, H. verbana, and H. orientalis, respectively,
revealed differences in the length of the C-terminal tail
and in position 2 of the N terminus. Whereas all
HLF1 variants of H. medicinalis identified so far dis-
played a gap at the respective position, the HLF1 vari-
ants of H. verbana contained either a gap, an aspartic
acid residue, or a valine residue. Specimen of H. orien-
talis expressed variants with either a gap or a valine
residue [8]. Figure 1 summarizes examples of the dif-
ferent HLF1 variants identified in H. medicinalis
(HLF1), H.verbana (HLFID), and H. orientalis
(HLFllong).

In order to evaluate the effect of a valine residue at
position 2, we genetically modified the corresponding
cDNA of HLF1 of H. medicinalis and inserted an
additional codon (GTT) at the respective position. The
resulting synthetic factor was termed HLF1V and dis-
played a very strong antithrombin activity almost iden-
tical to hirudin variant HV1 of H. medicinalis. In
contrast, HLF1 had a minor, but detectable, effect at
only the highest concentration tested (Fig. 2A).

To further analyze the significance of position 2 in
HLFI1, we tested the natural variants HLF1D (con-
taining an aspartic acid residue at position 2) of
H. verbana and HLFllong (containing a valine residue
at position 2 and a stretch of additional five aspartic
acid residues at the C-terminal tail; see Fig. 1) of
H. orientalis, respectively. HLF1D had no detectable
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Fig. 2. Standard blood coagulation assays using the TT. (A) Hirudin
variant HV1 and HLF variants HLF1 and HLF1V of H. medicinalis.
(B) HLF variants HLF1-long of H. orientalis and HLF1D of
H. verbana. n = 3, error bars indicate SD.

antithrombin activity even at the highest concentra-
tion. HLF1long in contrast had almost the same activ-
ity as HLF1V (Fig. 2B).
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Fig. 1. Multiple sequence alignment of hirudin variants HV1 of H. medicinalis and HM1 of H. manillensis and HLF variants HLF1, HLF1V,
HLF1D, HLF2, and HLF-Hyb. The alignments were generated using the CLS Sequence Viewer software package v8.0 (CLC bio, Aarhus,
Denmark). Black background indicates conserved residues; gray background indicates similar residues. The six conserved cysteine residues
giving rise to the three-dimensional structure are marked in bold, acidic amino acid residues are marked in red, and basic amino acid
residues are marked in blue. The PKP and DFxxIP motifs are boxed. Abbreviations are used according to the IUPAC code.
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Site-directed mutagenesis of HLF1D

The observation that HLFID did not show any anti-
coagulatory activity, but HLF1V and HLFllong did,
raised the question, what particular amino acid residue
might be responsible for the observed effects. HLF1D
on the one hand and HLF1V and HLFllong on the
other hand differ in two positions within the first five
amino acid residues (before the first cysteine residue at
position 6): position 2 (D versus V) and position 4 (E
versus G) (Fig. 1). We genetically modified the cDNA
of HLFID to construct the following synthetic
HLF1D-variants E4G (HLF1D-DG), D2V (HLF1D-
VE), and E4G+D2V (HLF1D-VG) (Table 1). HLF1D-
DG displayed only a small effect at the highest con-
centration, prolonging the coagulation time for a few
seconds (just above the upper tolerance limit of the
assay). In contrast, HLF1D-VG (with an N terminus
identical to HLF1V and HLFllong; Table 1) had a
very strong effect, almost comparable to HLF1V and
HLFllong. The effect of HLFID-VE was less pro-
nounced, but still much higher compared to both
HLFI1 and HLF1D (Fig. 3).

The chimeric HLF: HLF-Hyb

HLF-Hyb comprises the N-terminal part of HLF2
(amino acids 1-38) and the C-terminal part of HLF1
(amino acids 39-59) (Fig. 1). We expressed and tried
to purify both HLF2 and HLF-Hyb. Unfortunately,
HLF2 almost completely precipitated during dialysis,
most likely caused by the close proximity of the buffer
pH value (8.0) and the plI value of HLF2 (6.7). HLF-
Hyb exhibited only a weak inhibitory activity even
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Fig. 3. Standard blood coagulation assays using the TT of HLF
variant HLF1D, HLF1D-DG, HLF1D-VE, and HLF1D-VG. n = 3, error
bars indicate SD.
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when tested at the highest possible concentration of
3.2 um (Fig. 4B).

HLF-Hyb: effects of the central globular domain

HLF-Hyb differs from HV1 and HLF1V both in the
presence of a basic amino acid residue at position 4
(R4) (Fig. 1) and in the length and charge of the cen-
tral globular domain (Table 2). To disentangle the
importance of both structural components, we con-
structed two N-terminal variants of HLF-Hyb: HLF-
HybG and HLF-HybD. In the first variant, R4 was
replaced by a glycine residue (R4G), and in the second
variant, P5 was replaced by an aspartic acid residue
(PSD). In both cases, the positive charge of the argi-
nine residue R4 is either removed or counteracted.
However, both variants of HLF-Hyb did show a
detectable, but only weak, antithrombin activity
(Fig. 4B). Consequently, the central globular domain
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Fig. 4. Standard blood coagulation assays using the TT. (A) HLF
variants HLF1V-YR, HLF1V-FG, HLF1V-FR, and HLF1V-FRD. (B)
HLF variants HLF-Hyb, HLF-HybG, HLF-HybD, HLF-Hyb2a, and
HLF-Hyb2b. n = 3, error bars indicate SD.
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Table 2. Molecular properties of hirudin variant HV1 and HLF
variants HLF1 and HLF2 of H. medicinalis. C1-C6 indicates the
number of amino acid residues between the cysteine residues 1
and 6 (including C1 and C6). The ratio acidic/basic indicates the
number of acidic and basic amino acid residues within that region.

Factor Length C1-C6 Acidic/Basic pl value
HV1 34 4/2 4.41
HLF1 34 3/0 3.57
HLF2/HLF-Hyb 30 1/5 8.68

of HLF-Hyb is most likely responsible for its low inhi-
bitory activity on thrombin.

To further support this assumption, we followed two
complementary experimental approaches. First, we
stepwise modified the N terminus of HLFIV and con-
structed four additional variants of HLF1V by replac-
ing the glycine residue at position 4 with an arginine
residue (G4R, HLF1V-YR) or by replacing the tyro-
sine residue at position 3 with a phenylalanine residue
(Y3F, HLF1V-FG) in combination with changes at
position 4 (Y3F + G4R, HLFI1V-FR) and position
5 (Y3F + G4R + P5D, HLFI1V-FRD), respectively.
Hereby, the variant Y3F + G4R (HLF1V-FR) exactly
mimics the N terminus of HLF2 (Table 1). Second, we
constructed two reversed HLFI-HLF2 hybrids that
contain the C terminus of HLF2 fused to the core
domain of HLF1 in combination with either the N ter-
minus of HLFIV (HLF-Hyb2a) or HLF2 (HLF-
Hyb2b), respectively (Fig. 5 and Table 3). All synthetic
N-terminal variants of HLFIV and both reversed
HLF1-HLF2 hybrids showed a high antithrombin
activity even at the lowest concentration tested
(0.32 um; Fig. 4A,B).

Discussion

Biology

So far, we have verified the expression of different
HLF1 cDNAs in three species of the genus Hirudo:

N Terminus central globular domain
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H. medicinalis, Hirudo verbanda, and H. orientalis,
respectively [8]. These variants vary both in length
(due to different numbers of repetitive aspartate resi-
dues in the C-terminal tail) and the composition of the
N terminus. Whereas Y2 variants are expressed in all
three species, the HLF1D variant could be identified
in H. verbana only, and functionally active V2Y3 vari-
ants seem to be absent in H. medicinalis.

HLFllong (as a representative of the natural V2Y3
variants) exhibits an antithrombin activity comparable
to the hirudin variants of Hirudo sp. and H. manillen-
sis. It seems possible that these active HLF1 variants
represent a functional redundancy with respect to
thrombin inhibition. Worth mentioning in that context
is the observation that H. medicinalis comprises at
least four hirudin genes: one for HVI, one for HV2,
and two for HV3. In contrast, both H. verbana and
H. orientalis each comprise only two hirudin genes:
HV1 and HV3 genes in H. verbana and two HV3
genes in H. orientalis [8]. One might speculate that the
presence and expression of active HLFI variants
compensates for the underrepresentation of hirudin
variants. Such an underrepresentation may have quan-
titative (gene dosis effects) or qualitative (target speci-
ficity on thrombins of different putative leech host
species) implications. The putative biological functions
of the Y2 and HLF1D variants (which lack anticoagu-
latory activities) remain to be determined.

Structure

The N termini of hirudins have been examined by
mutational analyses of HV1 of H. medicinalis
[19,32,33] and HM1 of H. manillensis [34,35]. These
investigations were mainly carried out by substitutions
or chemical modifications of particular amino acid
residues of interest. To our best knowledge, there is no
mutant of hirudin with a deletion of either the first or
the second amino acid residue (thereby shifting the tyr-
osine residue Y3 to position 2: Y2 mutant) for a direct
comparison of such a mutant with HLF1. However,

C-terminal tail

HLF1 [

HLF2 [

HLF-Hyb |

Fig. 5. Schematic representation of the N

HLF-Hyb2a |

| termini, the central globular domains, and

the C-terminal tails of HLF1 (light blue),

HLF-Hyb2b |

| HLF2 (light red), and the chimeric variants

846

HLF-Hyb, HLF-Hyb2a, and HLF-Hyb2b.
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Table 3. Composition and activity of HLF1-HLF2-hybrids. The
asterisk indicates a Y3F substitution in the N terminus of HLF-
HybG.

Central Inhibitory
Variant N terminus domain C terminus activity
HLF-Hyb HLF2 HLF2 HLF1 Very low
HLF-HybG HLF1* HLF2 HLF1 Very low
HLF1V-FR HLF2 HLF1 HLF1 Very high
HLF-Hyb2a HLF1 HLF1 HLF2 High
HLF-Hyb2b HLF2 HLF1 HLF2 Very high

addition of a methionine residue at the N terminus
and therefore shifting the tyrosine residue Y3 to posi-
tion 4 strongly decrease the activity of hirudin [36]. In
addition, the hirudin mutant Y3A displays a more
than hundred-fold increase in its Ki value compared to
wild-type hirudin [19,37]. The tyrosine residue at
exactly the position 3 is obviously crucial for full hiru-
din activity and can only be replaced by similar aro-
matic amino acid residues such as phenylalanine (Y3F)
or tryptophan (Y3W) without negatively affecting the
activity [34,35]. It is hence very likely that a Y2
mutant of hirudin will lack antithrombin activity com-
parable to HLF1 (Fig. 2).

In HVI, a substitution of the valin residue at posi-
tion 2 with a glutamate residue (V2E) strongly reduces
the affinity to thrombin [32]. Our data clearly indicate
a similar effect of an acidic amino acid residue at posi-
tion 2 in HLF1D, too. However, the substitution D2V
in HLF1D (HLF1D-VE) does not completely restore
full antithrombin activity (Fig. 3), most likely due to
the acidic glutamate residue E4. Again, to our knowl-
edge there is no directly comparable mutant (e.g.,
T4E) of hirudin documented. Whereas the substitution
of E4 with a glycine residue alone (HLF1D-DG: E4G)
has almost no effect on thrombin activity, the combi-
nation of both substitutions (HLFID-VG: D2V and
E4G) eventually restores full antithrombin activity
(Fig. 4).

Replacements of the tyrosine residue at position 3
with a phenylalanine residue in HLF1 (HLFI-FG:
Y3F) or the neutral glycine residue at position 4 with
a basic arginine residue (HLF1V-YR: G4R) did not
negatively affect the antithrombin activities of the
respective HLF1V-variants (Fig. 4A). Whereas Y3F is
a functionally similar amino acid residue replacement,
G4R is not. Basic amino acid residues have been intro-
duced so far only at positions 1 and 2 in HV1 (VIR,
V1K, V2R, V2K) [19] and HMI1 (S2R) [35], but occur
in natural hirudins as well (e.g., R2 in hirudin P6 of
H. manillensis) [38]. With the exception of VIK in
HV1, they do not negatively affect the antithrombin
activity, but may even enhance it (S2R in HM1). Our
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data indicate that a basic amino acid residue at posi-
tion 4 is not prohibitive for high activity, whether or
not it is accompanied by a replacement of the apolar
proline residue at position 5 with an acidic aspartate
residue (PSD). Taken together, our data point to very
similar mechanisms of interaction between the N ter-
mini of both hirudins and HLF1V, respectively, and
the catalytic center of thrombin.

The C-terminal tail of hirudin blocks the exosite 1,
the fibrinogen binding site, of thrombin [14,39,40].
This interaction is mainly due to several ionic and
nonionic interactions between particular amino acid
residues in both hirudin and thrombin [18,37.41]. Of
particular importance within this context are the
numerous acidic amino acid residues (7 out of 29 resi-
dues in HV1, 9 out of 27 residues in HM1) [17]. Inter-
estingly, HLF1 (13 out of 24) and HLFID (12 out of
26) contain even more acidic amino acid residues in
their tails, but exhibited no (when tested for HLF1
with the aPPT test, Ref. [7]) or a very low (when
tested with the more sensitive TT, Fig. 2) antithrombin
activity. However, high activity could easily be
restored by only a few modifications at the N termini
(see above). Hence, an elongated acidic tail per se does
not guarantee a significant inhibitory potency of a hir-
udin or a hirudin-like factor, but needs a functional N
terminus as a molecular counterpart. The HLFs HLF5
and HLF8 of H. manillensis [9] and the hirudin of
M. decora (hirudinyggee) [10,42] support this assump-
tion. In all cases, these factors comprise C-terminal
tails with a generally acid character (five acidic amino
acid residues out of 23 in HLFS5, eight out of 24 in
HLFS, and six out of 26 in hirudinygee, respectively),
but with otherwise widely different primary structures
compared to hirudins and HLFI. The N termini, how-
ever, perfectly fit into the general scheme [7]. We there-
fore conclude that the N termini of hirudins and
HLFs are strongly restricted in their variability,
whereas the C-terminal tails are much less constrained,
as long as they comprise a general acidic character.

Compared to the termini, the core domain of hiru-
din got much less attention in terms of functional
analysis. Only a few amino acid residues were substi-
tuted, and none of these alterations caused major
changes in activity [23]. Our data, however, indicate a
crucial role of the core domain for the activity of
HLFs (and probably hirudins, too) as well. HLF-Hyb,
a natural chimeric factor, comprises the N-terminal
part (including the core domain) of HLF2 (amino
acids 1-38) and the C-terminal part of HLF1 (amino
acids 39-59) (Fig. 1). The factor exhibited only a very
weak activity even when tested at the highest concen-
tration of 3.2 um (Fig. 4A). This lack of activity
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cannot be explained by the general biochemical char-
acteristics of the molecule (both the molecular mass of
6.4 kDa and the pl value of 4.16 are well within the
range of hirudins) or the composition of either the N-
terminal five amino acid residues or the C-terminal tail
of HLF-Hyb: When combined with the core domain
of HLF1, the resulting factor HLF-Hyb2b exhibits a
very high antithrombin activity (Fig. 4B). In contrast,
a synthetic hybrid factor (HLF-HybG) that comprises
the termini of HLF1V-FG fused to the core domain of
HLF?2 lacks activity as well (Fig. 4B). The only reason-
able explanation for these observations is a prohibitive
effect of the core domain of HLF2. To our best
knowledge, this is the first indication of such a strong
influence of the globular domain of HLFs on the
antithrombin activity of the whole molecule. To date,
we can only speculate about the molecular determi-
nants. The core domain of HLF2 (and HLF-Hyb) is a
little shorter (30 amino acid residues) compared to
both HV1 und HLF1 (34 amino acid residues), but
more strikingly, the numbers of acidic versus basic
residues and consequently the pl values markedly dif-
fer (Table 2). The core domain of HLF2 is basic
(pI = 8.68), whereas the core domains of HV1 and
HLF1 are acidic (pl =4.41 and 3.57, respectively).
These differences may alter the three-dimensional
structure and/or the surface charge of the core
domains and hence influence the interactions with the
thrombin molecule. In both conditions, the correct
sterical orientations of the N terminus and the C-ter-
minal tail in the complex with thrombin may be
enabled or hampered.

Nomenclature

In the present paper, we describe the functional char-
acterization of both natural and synthetic variants of
HLFs that exhibit antithrombin activities that can be
almost zero, be in the medium range, or, for the first
time, even be as high as the activities of hirudins. The
question arises: What makes a hirudin a hirudin? His-
torically, the term ‘hirudin’ was introduced by Franz
[43] and Jacoby [44] and simply refers to the genus of
the respective source, the European medicinal leech,
H. medicinalis. A more advanced definition of hirudin
may be based on a combination of biological, func-
tional, structural, and evolutionary properties. In that
context, the term ‘hirudin’ in a broad sense might refer
to secreted leech-derived factors (biology) with an
antithrombin (and hence anticoagulatory) activity
(function), a molecular mass of 5-7 kDa combined
with a of signature of six cysteine residues forming
three intramolecular disulfide bridges (structure) and a

C. Mdller et al.

common ancestor (evolution). Such a definition would
include all hirudins such as HV1 and HM1, but also
HLF1V, HLF5, HLF8, and Hirudinyg... However, it
would also include hemadin of Haemadipsa sylvestris,
a factor that is functionally different from hirudins in
a way that it blocks the exosite 2 of thrombin [45]. In
contrast, the definition would not include HLF1 due
to its almost complete lack of antithrombin activity.
As described above, HLF1 and HLF1V only differ in
the presence of one amino acid residue. An alternative
definition of ‘hirudin’ might primarily focus on the his-
torical perspective. In that context, the term ‘hirudin’
in a narrow sense refers to a factor that comprises
antithrombin activity combined with the structural fea-
tures of HV1 and HV2 of H. medicinalis, including the
PKP and DFxxIP motifs in addition to the six con-
served cysteine residues (Fig. 1). However, such a defi-
nition negates the evolutionary perspective because it
would include factors such as HV1 and HMI1, but
exclude, for example, HLF1V and Hirudinyge.. As
already mentioned above, HV1, HMI1, HLFI1, and
Hirudinyggee comprise an identical gene structure and
hence share a common ancestor and consequently the
same evolutionary origin [8,10]. We do not have a
solution that answers all questions and includes all
possible aspects of the problem, but for now, we pro-
pose the following terminology:

e ‘classical hirudins’ are the hirudins in a narrow sense,
for example, HV1 and HM1

‘unorthodox hirudins’ are factors that lack the addi-
tional motifs of classical hirudins (as mentioned
above), but comprise antithrombin activity, for
example, HLF5, HLF8, HLF1V, and Hirudinygec
‘HLFs’ are factors that comprise the key structural
features of hirudins, but lack the antithrombin activ-
ity, for example, HLF1 and HLF6.
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