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ABSTRACT
The Leptin protein is central to the regulation of energy metabolism in mammals. By integrating
evolutionary, structural, and biochemical information, a surface segment, outside of its known receptor
contacts, is predicted as a second interaction site that may help to further define its roles in energy balance
and its functional differences between humans and other mammals.

HE Leptin protein has been a focus of energy me-

tabolism and obesity studies since its discovery in
obese mice that are lacking a functional leplin gene
(ZBANG et al. 1994; FRiEDMAN and Haraas 1998; MaN-
TZOROS 1999). In these mice, as in several other mamma-
lian species, injections of exogenous Leptin lead to sig-
nificant weight loss, a result that has generated much
interest in the hormone as a potential antiobesity drug
(FriEDMAN 1998). However, most obese human patients
show an excess of Leptin, rather than deficiency, thereby
implying that its detailed actions in energy metabolism
are different in us vs. other mammals (CHICUREL 2000;
Horpaukr and Huppertz 2002). This possibility is bol-
stered by evolutionary studies that provide evidence of
positive (adaptive) selection on the Leptin of hominoids
(humans and great apes; BENNER et al. 2002; SILTBERG
and LIBERLES 2002).

To better understand these functional differences,
we extended these earlier comparative studies by inte-
grating our evolutionary results with the available struc-
tural and biochemical information for Leptin. The same
multiple alignment and phylogeny for the coding DNA
sequences of mature Leptin (146 residues), as used be-
fore (BENNER el al. 2002; SILTBERG and LIBERLES 2002),
were analyzed with PAML (YaNG 1997). This evolution-
ary analysis included the estimation of the nonsynony-
mous (NS) to synonymous (SYN) rate ratios (amino
acid vs. silent substitution rates or w) and the reconstruc-
tion of ancestors and their inferred substitutions. The
amino acid replacements for the NS substitutions were
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then mapped onto the known tertiary structure of hu-
man Leptin and evaluated against the functional evi-
dence that a specific segment of this protein is primarily
responsible for appetite suppression and weight loss in
obese mice (ZHANG et al. 1997; Grasso et al. 1999a,b).

Starting with o free to vary across branches, an evolu-
tionary model with different transition vs. transversion
rates and the same but unequal base frequencies for all
three codon positions was selected by the likelihood
ratio tests (LRTs; Table 1; HUELSENBECK and RANNALA
1997). Given this model, o was estimated as <1 for
all branches with more than five inferred substitutions,
except for the hominoid stem (Figure 1). Values of w <
1, = 1, and > 1 are indicative of negative selection,
neutral evolution, and positive selection, respectively
(YANG and BreLawski 2000). Thus, the stem hominoid
with ® = 1.66 corresponds to the most likely episode
of positive selection, underlying the known functional
differences between human and mouse (BENNER et al.
2002; SILTBERG and LiBerLES 2002). This hypothesis is
corroborated by the significant increase of NS to SYN
substitutions in the stem hominoid relative to all other
mammals and to its immediate primate ancestor and
descendant hominoid clade (Table 2, A and B). More
importantly, it is congruent with available structural and
biochemical information for mammalian Leptin (see
below).

The administration of synthetic Leptin peptides iden-
tifies positions 85-119 as critical for appetite suppres-
sion and weight loss in obese mice (GRASSO et al.
1999a,b). Segment 85-119 includes the end of a-helix
C and intervening C/D loop with helix E (Figure 2A)
and is outside the region where Leptin contacts its re-
ceptor (interface of a-helices A and C; HIROIKE et al.
2000). Removal of segment 85-119 from the evolution-
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TABLE 1
LRTs between the codon-based evolutionary models for leptin

Evolutionary Ln likelihood

model (Ln L) score A d.f. P o’
F, —1930.03 1.31
Fq + —1887.95 1 <0.05 1.71
F1 X 4 + —1882.65 3 <0.05 1.66
F3 X 4 + «k —1880.86 6 >0.05 2.18

The evolutionary models are listed in their order of testing
from the more simple to complex. These models assume equi-
librium codon frequencies that are equal (f;,) or that are
calculated from the overall mean base frequencies for all three
codon positions (F1 X 4) or from the separate averages for
each position (F3 X 4). Kappa (k) allows for different transi-
tion vs. tranversion rates. A d.f. specifies the difference in the
numbers of free parameters between the more complex and
simpler models in each comparison. The F1 X 4 + k model
is supported for leptin by these LRTs, since its Ln L score is
not significantly worse than that for the more parameter-rich
F3 X 4 + «.

“ Estimates of w for the stem hominoid under each model
(Figure 1).

ary analysis reduced w for the stem hominoid from 1.66
to 0.52 (Figure 1). Of the 11 substitutions for this stem,
5 NS and no SYN changes mapped to this segment,
which was significant (Table 2C). Furthermore, segment
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85-119 packs onto the folded protein core by hydropho-
bic interactions between helix E and residues 60, 64,
and 68 (ZHANG et al. 1997). As 2 NS substitutions of the
stem hominoid mapped to residues 60 and 68, 7 of its
9 NS changes were thereby associated either directly or
indirectly with segment 85-119 (Figure 2). In contrast,
no NS substitution of the stem hominoid was directly
associated with the Leptin-receptor binding domain.
The evolutionary, structural, and biochemical infor-
mation implicates segment 85-119 as of special func-
tional significance. The physicochemical properties and
finer structural details of its conserved residues now
point to a more specific function for this segment. Four-
teen of its 15 conserved positions are fixed for charged
and strongly hydrophobic residues (Figure 3). This mix
of charged and hydrophobic residues, with their out-
wardly projecting side chains, predicts a second binding
site for Leptin-protein interactions, which is separate
from that for its receptor (Figure 2; BENNER and GER-
LOFF 1991). At least some of the six positions with NS
substitutions in the stem hominoid, which are directly
or indirectly related to segment 85-119, may then con-
tribute new hydrophobic, charged, and smaller residues
that may alter the secondary structure and specific bind-
ing properties of this second interaction site. For exam-
ple, the conserved G118 of hominoids permits a more
pronounced turn at the N terminus of this segment

(i1) Hominoid
clade

FIGURE 1.—Accepted phylogeny following
earlier evolutionary studies of leptin (BENNER

(I) Stem 0.12 et al. 2002; SILTBERG and LIBERLES 2002).
primate 0.14 1pongo pygmaeus [orangutan; Q95234] Common names and SWISSPROT accession
— numbers are given in brackets, and three key
0.64 periods of primate evolution are labeled I, II,
x 988 pfacaca mulatta [rhesus monkey;Q28504] and III (Table 2B). Values of , as calculated
1.23| with and without segment 85-119, are pre-
0.15 sented in that order for each branch, with bold-
0.16 13 pus musculus [mouse;P41160] face type highlighting those estimates based on
0.12 more than five substitutions. Branch lengths,
0.19 parameter estimations, and other calculations
0.20 ; . (Figure 2B) were determined with PAML
Rattus norvegicus [rat;P50596] (YANG 1997). However, as in the earlier evolu-
ggi tionary studies, the available chicken and tur-
7 0.16 ===Bos taurus [bovine;P50595] key leptins were not included in this analysis
003 g9 because of persistent concerns about their au-
0.12 056~ : . thenticity (FRIEDMAN-EINAT ef al. 1999; DoyoN
0.00 = Ovis aries [sheep;Q28603] et al. 2001). Nevertheless, identical to near-
0.25 identical results were obtained when these bird
g L_027 o, scrofa [pig;Q29406] sequences were included (results not shown).

0.16

0.45 012 Fojis catus [cat;QON2CA] 0.1
0.27} 46 substitutions/codon
034 _canis familiaris [dog;002720]
0.18
0.17

Sminthopsis crassicaudata [dunnart;Q9XSW9]
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TABLE 2

Frequency distributions of stem hominoid substitutions: (A) between this lineage
and all other branches; (B) among three key periods of primate evolution;
and (C) between segment 85-119 and the rest of Leptin (Figures 1 and 2)

A. Lineage(s)” NS substitutions SYN substitutions Totals
Stem hominoid 9 2 11
All other branches 116 262 378
Totals 125 264 389
B. Major primate lineage’ NS substitutions SYN substitutions Totals
Stem hominoid (I) 9 2 11
Stem primate (II) 5 17 22
Hominoid clade (III) 7 6 13
Totals 21 25 46
Sites w/ 1 NS Sites w/ 2 NS Sites w/ 1 SYN Sites w/ no
C. Segment" substitution substitutions substitution substitutions Totals
85-119 3 1 0 31 35
All others 4 0 2 105 111
Totals 7 1 2 136 146

“Fisher’s exact test, P = 0.0008644 (NE1 and Kumar 2000).

" Gy = 10.95, P < 0.005.

“Combinatoric test, P = 0.035. Here, P corresponds to the proportion of different combinations for a
predefined block of 35 residues with 5 to 9 NS and no SYN substitutions, given 7, 1, and 2 positions out of
146 with 1 NS, 2 NS, and 1 SYN changes, respectively (i.e., Leptin).

A 118
(2 NS substitutions)

Residues 25-39
(unresolved)

a-helix C

relative to that predicted for L118 of the other mam-
mals. In these ways, segment 85-119 may underlie the
functional differences between human and other non-
hominoid Leptins (e.g., why this hormone is central to
energy expenditure in mice, but apparently not in us;
MANTZOROS 1999; HorFBAUER and HuPPERTZ 2002).
This integrative study of Leptin calls for new experi-
ments for the greater understanding of its roles in the
energy metabolism of humans and other mammals
(FrRiIEDMAN and Haraas 1998; ManTzOROS 1999). The
prediction of a new binding site, separate from that for
its receptor, argues for experimental assays of Leptin-
protein interactions (e.g., with yeast two-hybrid systems;
VON MERING et al. 2002). Such experiments can test
whether the regulation of metabolic rate vs. feeding
depends on the same or different protein-protein inter-
actions and domains of Leptin, while documenting fur-
ther its specific roles in energy metabolism (GRASSO
et al. 1999a,b). Furthermore, the inferred amino acid
replacements of the stem hominoid supplement the
known mutations in human and mouse Leptin and

thereby offer additional targets for site-directed muta-
B
Site Stem hominoid replacement
3 R (0.99) = K (1.00) F1GURE 2.—(A) Tertiary structure of human Leptin, PDB
48 V {0.91) —» I (1.00) accession 1AX8 (ZHANG et al. 1997), as rendered with MOL-
60 1 (0.96) — V (1.00) SCRIPT (Krauris 1991). (B) Inferred replacements for the
68 L (.099) — M (1.00) eight sites with NS substitutions in the stem hominoid (Figure
89 L (0.99) — V (1.00) 1). The posterior probabilit.ies for the reconstructed FOdOI.lS
of the primate (I) vs. hominoid (II) ancestors are given in
100 L (0.76) — W (1.00)
parentheses. These same replacements, ancestral reconstruc-
108 E (0.99) — D (1.00) tions, and posterior probabilities are also obtained by the
118 L {0.99) = G (1.00) other evolutionary models in Table 1 and with the addition
[two NS substitutions]

of the bird leptins to the analysis (results not shown).
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10 20 30 40 50
Human VPIQKVQDDT KTLIKTIVTR INDISHTQSV SSKQKVTGLD FIPGLHPILT
Chimpanzee VPIQKVQDDT KTLIKTIVTR INDISHTQSV SSKQKVTGLD FIPGLHPILT
Gorilla VPIQKVQDDT KTLIKTIVTR ISDISHTQSV SSKQKVTGLD FIPGLHPILT
Orangutan VPIQKVQDDT KTLIKTVITR INDISHTQSV SSKQKVTGLD FIPGLHPILT
Rhesus monkey  VPIQKVQSDT KTLIKTIVTR INDISHTQSV SSKQRVTGLD FIPGLHPVLT
Cat VPIRKVQDDT KTLIKTIVTR INDISHTQSV SSKQRVAGLD FIPGLHPVLS
Dog VPIRKVQDDT KTLIKTIVAR INDISHTQSV SSKQRVAGLD FIPGLQPVLS
Sheep VPIRKVODDT KTLIKTIVTR INDISHTQSV SSKQRVTGLD FIPGLHPLLS
Bovine VPIRKVQDDT KTLIKTIVTR INDISHTQSV SSKQRVTGLD FIPGLHPLLS
Pig VPIWRVQDDT KTLIKTIVTR ISDISHMOSV SSKQRVTGLD FIPGLHPVLS
Mouse VPIQKVQDDT KTLIKTIVTR INDISHTQSV SAKQRVTGLD FIPGLHPILS
Rat VPIHKVQDDT KTLIKTIVTR INDISHTQSV SARQRVTGLD FIPGLHPILS
Dunnart VPIRKVODDT KTLTKTIITR INDISHMYSI SAKQRVIGLD FIPGLHPFOS
*k E kk kkE ok PO kT dkw wkwkr #T
Helix A
60 70 80 90 100
Human LSKMDQTLAV YQQILTSMPS RNVIQISNDL ENLROLLEVE AFSKSCHLEW
Chimpanzee LSKEMDQTLAV YQQILTSMPS RNMIQISNDL ENLRDLLHVE AFSKSCHLEW
Gorilla LSKMDQTLAV YQQILTSMPS RNMIQISNDL ENLRDLLEVL AFSKSCHLEW
g;anqutan § LSKMDQTLAV YQQILTSMPS RNVIQISNDL ENLRDLLEVL AFSK‘_SCH.LE'E FIGURE 3.—Multiple Leptin alignment. Aster-
esus monke LSOMDQTLAI YQQILINLPS RNVIQISNDL ENLRODLLHLL AFSKSCHLP . ST -
Cat ! LSKMDQTLAI YQQILTGLPS RNVVQISNDL ENLRDLLHLL ASSKNCPLER 1sks}ng}ﬂlghﬁcormerveclresuigesgxuiarrovvsrnark
Dog LSRMDQTLAI YQQTLNSLHS RNVVOISNDL ENLRDLLILL ASSkscpipr  those sites with the NS substitutions of the stem
Sheep LSKMDQTLAI YQQILASLPS RNVIQISNDL ENLRDLLHLL A2SKSCPLEQ  hominoid (Figure 1). The two SYN substitutions
Bovine LSEMDQTLAT YQQILTSLPS RNVVQISNDL ENLRDLLHLLE AASKSCPLPQ of the stem hominoid occur at residues 37 and
Pig LSKMDQTLAI YQQILTSLPS RNVIQISNDL ENLROLLHLL ASSKSCPLEQ . .
Mouse LSKMDQTLAV YQQVLTSLES QNVLQIANDL ENLROLLHLL BFSKSCSLEQ 121. Segrnern:85—1}9 is shaded, whereas helices
Rat LSKMDQTLAV YOQILTSLPS QNVLQTAHDL ENLRDLLHLL AFskecsipo A—E are labeled (Figure 2).
Dunnart LSDMDOTLAI YQQILSNLSS RNMVQISNDL ENLRDLLHLL GSLKSCPFDE
wk wkkknrT 2ee 2 T % 2 kr kk wrressraTe — T
Helix B Helix C
110 120 130 140 146
Human ASCLETLDSL GEVLEASGYS TEVVALSRLQ GSLQDMLWQL DLSPGC
Chimpanzee ASGLETLDSL GGVLEASGYS TEVVALSRLQ GSLQDMLWQL DLSPGC
Gorilla ASGLETLDSL GGVLEASGYS TEVVALSRLQ GSLODMLWQL DLSPGC
Orangutan ASGLETLDRL GGVLEASGEYS TEVVALSRLQ RSLODMLWOL DLSPGC
Rhesus monkey  ASGLETLESL GDVLEASLYS TEVVALSRLQ GSLODMLWQL DLSPGC
cat BRGLETIESL GGALEASLYS TEVVALSRLQ ASLODMLWRL DLSPGC
Dog BEGLETFESL GGVLEASLYS TEVVALSRLQ AALQDMLRRL DLSPGC
Sheep VRALESLEST GVVLEASLYS TEVVALSRLQ GSLODMLRQL DLSPGC
Bovine VRALESLESL GVVLEASLYS TEVVALSRLQ GSLODMLRQL DLSPGC
Pig BRALETLESL GGVLEASLYS TEVVALSRLQ GALQDMLRQL DLSEGC
Mouse TSCLOKPESY DGVLEASLYS TEVVALSRLQ GSLODILQOL DVSPEC
Rat TRGLOKEESL DGVLEASLYS TEVVALSRLQ GSLODILQQL DLSPEC
Dunnart AGGLSALGNL EGVMEASLYS TEVVTLTRLQ KSLYVMLOQL DLIHGC
e T - LA T*W *kk ok & * &k - * * & *
__Helix E Helix D

genesis of its function (VERPLOEGEN ef al. 1997). Finally,
as mammalian Leptin remains largely under purifying
selection outside of hominoids, it may still prove bene-
ficial to develop it as a weight control drug for domesti-
cated animals (HossNER 1998).
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