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ABSTRACT. Mouse salivary androgen-binding protein (ABP) is a member of the secretoglobin family
produced in the submaxillary glands of house mideig musculus We report the cDNA sequences and
amino acid sequences of tffeandy subunits of ABP from a mouse cDNA library, identifying the two
subunits by their [ and molecular weights. An anomalously high molecular weight ofitsaebunit is

likely due to glycosylation at a single site. A phylogenetic comparison of the three subunits of ABP with
the chains of other mammalian secretoglobins shows that ABP is most closely related to mouse lachrymal
protein and to the major cat allergen Fel dl. An evaluation of the most conserved residues in ABP and the
other secretoglobins, in light of structural data reported by others [Callebaut, I., Poupon, A., Bally, R.,
Demaret, J.-P., Housset, D., Delettre, J., Hossenlopp, P., and Mornon, J.-P. A2000.Y. Acad. Sci.

923 90—-112; Pattabiraman, N., Matthews, J., Ward, K., Mantile-Selvaggi, G., Miele, L., and Mukherjee,
A. (2000)Ann. N.Y. Acad. Sci. 92313-127], allows us to draw conclusions about the critical residues
important in ligand binding by the two different ABP dimers and to assess the importance of ligand
binding in the function of the molecule. In addition to the cDNAs, which represent those ofubeulus
subspecies dMus musculuswe also report the coding regions of thendy subunit cDNAs from two

other mouse inbred strains which represent the other two subspédiesiusculus domesticuand M.
musculus castaneu$he high nonsynonymous/synonymous substitution rate rekigkd) for both thes

andy subunits suggest that these two proteins are evolving under strong directional selection, as has been
reported for thex subunit [Hwang, J., Hofstetter, J., Bonhomme, F., and Karn, R. (199gred. 88

93-97; Karn, R., and Clements, M. (199B)ochem. Genet. 37.87—199].

The relationship of structure and function is a central theme been described thus far only in mamma®, (where they
of biology. Mammalian salivary proteins come in a variety can be found in a wide variety of tissues and secretions
of different forms with diverse functions. In some cases a (reviewed in refl0). The earliest member of this family to
salivary protein’s function has yielded to biochemical studies. be identified originally went by the names blastokinirL)
For example, salivary amylase digests dietary starches,and uteroglobinX2). Subsequently, this protein was shown
glycoproteins lubricate hard and soft tissues, and someto be identical to another protein under intensive study, lung
peptides retard the growth of bacteria and fungi in the oral clara cell protein, and the molecule is now often referred to
cavity (see reb for a review). For other salivary proteins, as uteroglobin/clara. A variety of functions have been
however, the function has remained elusive. Mouse salivary ascribed to uteroglobin/clara; however, its true biological role
androgen-binding protein (ABPjs one of those. This small  remains elusiveld). The same is true of the other members
globular protein is composed of two different disulfide- of the secretoglobin family. Although a great deal of effort
bridged subunits and, as its name implies, binds male sexhas been put into studying them, none has yet been
steroid hormonesg( 7). unequivocally associated with a specific functidd)( One

Mouse salivary ABP is a member of the newly erected important consequence is that there are few clues to shared
family of proteins called secretoglobins [see the report of functional aspects of these proteins; they are currently
the nomenclature committe8)]. This interesting group has  assigned to this family only on the basis of structural
similarities (1). Nonetheless, it appears that secretoglobins
" This work was supported in part by the Holcomb Research Institute, may be grouped roughly by their mode of secretion. Some,

Butler University. : . -
* The nucleotide sequences reported in this paper have been submittec? uch as uteroglobin/clara and rat prostatic steroid-binding

to GenBank with accession numbers AY293278, AY293279, AY293280, Protein (PBP; which also goes by several other names in
AY293281, AY293282, and AY293283. the literature), are secreted in internal orgab@.(Others,

* To whom correspondence and reprint requests should be addressedsch as cat Fel dl, the hamster Harderian gland proteins,
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1 Abbreviations: ABP, mouse salivary androgen-binding protein; CC, and mouse ABP, are secreted by exocrine glands and find

lung clara cell protein; Fel dl, feline allergen; HGB, hamster hetero- their way almost immediately after secretion to the animal’s

globin; IEF, isoelectric focusing; LPP, lipophilin; MGB, mammaglobin;  exterior as the result of licking and grooming5¢17).
PBP, prostatic steroid-binding protein; RT-PCR, reverse transcription . .
polymerase chain reaction: Utero, uteroglobin; DHT, dihydrotestoster- ~ OVer the past decade, this laboratory has focused its efforts

one. on determining the function of mouse salivary ABP. We have
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pursued several lines of investigation, including biochemical MATERIALS AND METHODS

comparisons4, 6, 7, 18—20), population genetic studie8,( . . .

21-23), and direct tests of the proposal that the molecule is c A'YISEEF?EH'aIS. Inbred :;tralndsfof m'\lce’lf:?’HTi‘]’ DtBA/ ZA]E?IQEI
a recognition signal involved in isolation of different gene 2] subrr:é%ifr;ﬁgNTﬁbr;?yW:; psrcc))?/i dg dotr)?/ ?{gh Gross
pools (7, 24), called subspecies by some5| and species (7). Salivas (C3H/HeJ and DBA/2J) and submaxillary glands

by others 26). It was our goal in the studies reported here . : 2
to answer a number of fundamental questions about theé%i?r/iggg Ig)nd CAST/Ei) were obtained as previously

enetics, biochemistry, and evolution of ABP. Our purpose ) . . e
g : I Sy VO ur purp Protein Chemistry TechniqueBurification of ABP from

is to better understand ABP in the context of the secreto- ) ; .

globin family and to draw direct comparisons to the hamster MOUS€ saliva was p.erformed as despntﬁdl‘{epndes.were

heteroglobins, molecules that also may be implicated in a E’rOdUCEd by d|gest|o.n of the ABP dimer with trypsin ‘f"t 37

behavioral role (P. Dominguez, personal communication; <. (7). and the peptides were separated by HPLC in the
Laboratory for Macromolecular Structure at Purdue Univer-

27). ! 4 . o
One of the most important genetic questions we have asked®V: Molecular welghts were determined by analysis in a
mass spectrometer in the Laboratory for Macromolecular

is, how many genes are responsible for encoding ABP? The ; ) .
g P g Structure at Purdue University. Selected peptides were

protein is secreted into saliva in two different dimeric )
forms: ana subunit disulfide-bridged to either/a(the A sequenced in the Laboratory for Macromolecular Structure
’ at Purdue University7).

B dimer) or ay (the A-G dimer) subunit. On the basis of : . .
genetic evidence, the three subunits were assigned separate Molecular Biology TechniqueSubmaxillary glands were

genes, namef@bpg Abph andAbpg respectively, but that re”?‘?"ed from mice as previpusly describé_k)l. RNA was
proposal was formulated and supported only by indirect purified from mouse submaxillary glands with a Sigma total

evidence 28). Until this report, the only subunit with a RNA purification kit (St. Louis, MO). cDNA Iipraries were
known sequence was thesubunit, the one common to all constructed and RT-PCR products were obtained from mouse

forms of ABP observed to dat@) We wished to determine ~ Submaxillary gland RNA essentially as described in 3ef
the amino acid sequences of the other two subunits in orderuSing Sigma M'MLV reverse transcriptase for first strand
to differentiate among several possibilities: (1) that the three cDNA_syr_nheS|s and Sigma Taq polymerase for subsequer_n
subunits each have a separate gene or (2) that two or moréMPlification. Fragments were manually sequenced as previ-
of the subunits could share a transcriptional element with ously described using a Clrc_umvent cycle sequencing kit
alternative splicing patterns for one or more exons or (3) [NEB. Beverly, MA (3)] or using the Amersham Thermo
that two or more of the subunits are differentiated only by S€duenase cycle sequencing kit (Piscataway, NJ).
posttranslational modifications. The results from this part of ~Dat& AnalysisSequences were aligned with the DNASIS
the study also allowed us to make an evolutionary compari- Pregram (Hitachi, Yokohama, Japan) and, for the purpose
son of the ABP subunits with each other and with the other ©f constructing a phylogenetic tree, with CLUSTARY 30).
secretoglobins, which provides additional insights about Predictions of protein secondary structures, stoichiometric

groups of proteins within this family that may have more molecular weights, and isoelectric points were made with
closely related functions. the PROSIS program (Hitachi). A phylogenetic tree was

The evolutionary question of most interest is whether the c2lculated by neighbor-joining with 10000 bootstrap repli-
strong selection that has apparently driven the microevolution €8S, Using the program PAUR31). The tree was printed
of the coding region ofAbpa (3, 22, 23) has also operated ~ USing TreeView 82). The program MEGA, version 2.B§),
on the coding regions okbpband Abpg To further study was used to calcu_lat_e numbers of synonymous and non-
the extent to which selection may have been involved in the SYNOnymous substitutions, as well as their ratesapdK),
evolution of ABP, we examined the extent of nucleotide USing the modified method of Nei and Gojobod, with
polymorphism between thgandy subunit cDNAs and the Jukes—antor correction for multiple hits and a transition/
predicted amino acid replacements in the subunit proteins ransversion rate of 2.
of each of the three subspecies. The claim that selection haﬁ%ESULTS
acted directly orAbpa rather than a closely linked gene,
finds its strongest support in the significant deviation of the  The cDNA Sequences and Amino Acid Sequences ff the
nonsynonymous/synonymous nucleotide substitution rateand y Subunits of ABPUntil now, only the amino acid
ratios K4/Ks) from predictions of the neutral hypothes (  sequence of tha subunit of ABP and partial sequences for
22), and it was intriguing to ask whether that extends to the the dimer had been determineg).(To obtain a cDNA for
other two subunit genes. the 5 subunit, we designed a mixed oligomer probe from
The biochemical question that we wished to answer the partial sequence of the putatifesubunit and used it to
involved the anomalously high molecular weight of the probe a mouse submaxillary gland cDNA library. A candi-
subunit as determined by physiealhemical means6j date cDNA was obtained and its nucleotide sequence
compared to the stoichiometric molecular weight determined determined (Figure 1). The putative amino acid sequence
from its amino acid sequence&’)( We investigated the  determined by translation of the cDNA and the presence of
possibility that nonproteinaceous moieties might be contrib- a polyadenylation signal near thé énd suggested that the
uting to the molecular weight of one or more of the three cDNA was complete. Cleavage of the signal peptide at the
subunits. This also provided the opportunity for a more third Ala would yield a secreted protein of 89 amino acids,
thorough comparison of the structures of the ABP subunits beginning with a Cys, as noted above from the partial
to those of other modified secretoglobins such as the sequence of the HPLC-purified chain, and otherwise in
glycosylated heteroglobin®) agreement with the earlier sequences. When a sample of the
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1 v
-17 M K 6 T L L L LA L LV I G EUL G VF Q T T E A 23
beta: atttagcactctccaccATGAAGGGGACACTTCTTCTGCTGGCCTTGCTGGTGATTGGAGAGCTGGGCTTCCAGACAACGGAAGCA 69
gamma : atttagcactctccaccATGAAGGGGACACTTCTTCTGCTGGCCTTGCTGGTGATTGGAGAGCTGGGCTTCCAGACAACGGAAGCA 69
-17 M K 6 T L L L, L. AL L VI G EUL G F Q T T E A 23

1 A

¢ AP FV GGAYV K I L VG NRLALNAYTLSMVFOQA AT A 53
beta: TGTGCTCCTTTTGTCGGAGCCTATGTTAAAATACTGGTTGGAAATAGGCTAGCTCTGAATGCCTACCTTTCGATGTTTCAAGCTACTGCA 159
gamma: TGTCTTTCTTTCATCAGATCCTATGGAGCATTACTTACTTCAAGCAGGACCTTTCTTCATGCTGACGTTTCACAGTTTTATGCTACCGTA 159
¢ L $s F I R S ¥ G A L L T S S R TVF L HAUDV S QF Y A TV 53

A E R V A F E K I Q D C F N EE P L TTI KTULI K S P Q I M I S 83
beta: GCGGAAAGGGTGGCCTTTGAAAAGATCCAGGATTGCTTCAATGAGGAACCATTAACCACCAAATTAAAGAGTCCCCAAATAATGATATCT 249
gamma: GCTGAAAGGGTGGCCTTTGAAAAATTACAGGATTGCTTAGGTGAAGAAGGACCAAAAACCAAAATTCTGAATCCCCAAATTCTGTTATCT 249
A E R V A F E XK L Q D ¢ L G EE G P KT XK I L NP QI L L S 83

I L F $S S E C K A Y Y TED S VNI KMADMMT F KL D S I N 112
beta: ATACTCTTCAGCTCTGAATGCAAGGCATACTATACCGAAGATTCTGTAAACAAAATGGCGGATATGTTTAAACTGGATTCAATTAATTAG 339
gamma: CTATACTTAAGCCCAGAATGCAAGAAATACTATGGCGATGACATCATAAAGAAAGTTCAAGATTTTCTTAACCAGTCAAATATCCATTAG 339
L Y L s P E C K K Y Y G bbb I I K XK V Q D F L N Q S N I N 112

beta: aagttaatggtttatagccaacccatcgttgcaatgtgtctgatccaagtgecatcttgetgacctgtectctttetectectgaagttggat 429
gamma: aagttaatggtttatagccaacccatctttgcaacgtgtctgatccaagtgccatcttgetgacctgtettetttectectectgaagttggat 429

beta: tcctgacacctgtgccctcatcctgcagtetecttaggetgattctaataaatgectgcagatgttg 497
gamma: tcctgacacctgtgtcctcatcctgcactctecttaggetgattctaataaatgectgecagetetgt 497

Ficure 1: cDNAs of thef andy subunits of mouse salivary androgen-binding protein (ABP). The amino acids in common between the
two subunits are in boldface type. The cleavage points for the removal of the signal peptides are indicated by the black triangles above and
below the sequences.

reduced, alkylated protein was chromatographed by high- Identification off5 and y Subunits.The identity of theo
performance liquid chromatography (HPLC), a peak was subunit cDNA was easily established in previous studies
recovered with the N-terminal sequence of fh&eubunit but because it is the only one of the three that is common to all
which had a carboxymethyl-Cys as the first residue (not forms of ABP observed and because it has a higher apparent
shown), rather than the Asp reported earliér (t is likely molecular weight than either of the other twh 6, 28). Since
that the first residue observed by Karn and Russglinas the f and y subunits are the variable subunits in the two
an oxidation product of the N-terminal Cys of this sub- forms of the dimer, another objective means was needed to
unit. identify one from the other. Isoelectric focusing (IEF) in two-
Purified ABP was subjected to digestion with trypsin. The dimensional gel electrophoresi?8] showed that they
dimer proved to be resistant to a single treatment of 2% w/w subunit has a much higher ghan does thg3 subunit,

trypsin at 37°C overnight, even in the presence2oM urea. whereas thelpof thea subunit is intermediate between these.
Digestion was only obtained when trypsin was added in Estimates of p clearly distinguish the putative proteins
increments of 0.5% w/w every hour for at Iédsh at 37°C produced from translating the cDNAs shown in Figure 1.

in the presencef@ M urea, the last addition being followed The 8 subunit has a predicted f 5.13, and they has a
by overnight incubation at 37C. This suggests that ABP  predicted p of 7.06. The predictedlpof the a subunit is
secreted in mouse saliva may remain stable for long periods6.48. As shown below, genetic polymorphism also provides
of time in the animal’'s environment, as suggested by an identification of these two subunits consistent with that
behavioral studiesl(). based on b

Subsequent isolation and sequencing of peptides from an Molecular Weights of the ABP Dimer and Its Subunits.
HPLC separation of trypsin-digested ABP verified all of the The molecular weights of the ABP dimer and its subunits
peptides predicted for the secreted protein fromBsabunit were obtained by mass spectrometric analysis of the proteins
cDNA sequence (not shown). In addition, a unique peptide separated by HPLC. Table 1 shows the molecular weight
with the sequence TFHADVSQFYATVAER was obtained.  values in comparison with the stoichiometric molecular
This peptide corresponded to the peptide IMAYL SM- weights determined from their amino acid sequences and with
FQATAAER in the subunit (the common residues appear the estimates originally derived from physicahemical
in bold type; 10/17 59% identity). A mixed oligomer probe  analysis §). The molecular weight of theg subunit obtained
was designed from this peptide and used to probe the mousdrom a mixture of reduced/alkylated dimers is in good
submaxillary gland cDNA library. As before, a candidate agreement with that calculated from the amino acid sequence
cDNA was obtained and its nucleotide sequence determined,shown in Figure 1. Apparentlg was not recovered in the
yielding a complete cDNA including the' funtranslated = HPLC separation since it should have been resolved from
sequence (3JTR) and a polyadenylation signal near tHe 3 the y in the mass spectrometric analysis. While the value
end. Figure 1 shows the sequences offtendy subunits obtained by mass spectrometric analysis ofdhgibunit is
with their identical amino acids in bold type. These two ABP relatively close to the estimate from physiegahemical
subunits are more similar to each other (39%) than either is methods, it is higher than the stoichiometric value by
to thea subunit (17% and 13%, respectively). They are not, approximately 3000 Da. This suggests that a nonproteina-
however, nearly identical to each other in their first 18 ceous moiety is attached to that subunit as a posttranslational
residues as previously reported).( modification.
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Table 1: Molecular Weights of the ABP Dimer and Its Subunits Obtained by Mass Spectrometer Analysis and Stoichiometric Molecular
Weights Determined from the Amino Acid Sequences of the Subunits

variable subunits sum of the
ABP dimer o subunit (8 and/ory) subunits
SDS electrophoresi$) 16700 (=300) 12000 {425} 8800 (-800) 20800
mass spectrometer analysis 20923 12006 10105 211131
stoichiometric values
a 1084 /7882
B 9997
Y 10132
o—pf dimer 20838
o—y dimer 20973
2Includes carbohydrate moietyWithout carbohydrate moiety.
Since the amino acid sequencé) (of the o subunit leading to D and E are swapped, probably because they

contains a glycosylation consensus sequence (N15 G16 T17)included the signal peptides in their comparison. Our new
the most likely explanation of the molecular weight discrep- sequences for ABB andy, along with the addition of the
ancy is that the protein contains one asparagine-linked 11 kDa protein from mouse lachrymal gland, expand group
oligosaccharide moiety with a mass of approximately 3000 E, which only contained chain 2 of the cat allergen Fel dl in
Da (35). This is consistent with the inability to identify the the previous analysis36). Since theo. subunit groups with
PTH-amino acid residue in cycle 15 of the sequence of the chain 1 of Fel dl and the other mouse lachrymal protein in
alkylateda chain (7). To explore this possibility, a sample cluster B, it is apparent that mouse salivary ABP, mouse
of thea subunit (C3H strain) was digested with trypsin, and lachrymal proteins, and feline allergen Fel dl are evolution-
the peptides were separated by HPLC. One of the peptidesarily quite closely related.
recovered from HPLC had the amino acid sequence Figure 2, panel B, also shows an unexpected degree of
KVDLFLXGTTEEYVEYLK (where X denotes a cycle identity between a portion of the sequences of the ABP
whose PTH-amino acid could not be determined), which subunits and residues 13162 of the ATPase sequences of
represents residues-26 of theo chain (7). This peptide,  several representative vertebrat@shows 30% identity to
which unmodified would have a mass of 2161 Da, yielded this region of the ATPase sequence shared by dog, sheep,
a mass of 5094 Da from mass spectrometric analysis. Thepig, and horse, ang is 17% identical to this region of
difference of nearly 3000 Da is likely due to glycosylation ATPase. This region of ATPase forms a transmembrane helix
at N15, which probably interfered with determination of this  (residues 136150) and part of a loop (residues +1729)
residue in the peptide. connecting two such helices but has not been assigned a
Relationship of the ABP Subunits to Other Secretoglobins. specific function (K. Axelsen, personal communication).
Previous studies showed that thesubunit of mouse salivary ~ Since ABP is a soluble protein secreted in mouse saliva, there
ABP shared significant identity with a number of secreto- is no reason to believe that these regions of the ABP subunits
globin subunits, especially with chain 1 of the major cat span membranes.
allergen Fel dI 10, 16, 19). Figure 2, panel A, shows a Genetic Polymorphism of thgandy SubunitsWe were
comparison of the three ABP subunits with each other and interested in looking for polymorphism in the secreted forms
with representative members of other groups of secretoglo-of the 8 and y subunits corresponding to the a, b, and ¢
bins. The alignment of the first 67 amino acids of both the variants of thea subunit that are monomorphic in the
B andy subunits of ABP with the sequences of the other subspecies oMus musculugM. musculus domesticui.
uteroglobin subunits strongly suggests that they are memberamusculus musculyandM. musculus castaneusspectively
of this family. As is the case with the secreted forms of (3, 22, 23)]. Because the ABP phenotypes of these three wild
mouse lachrymal protein, rat PBP, and cat Fel dI, the secretedsubspecies are found in the three inbred mouse strains, C3H,
forms of mouse ABPS and y subunits begin with an  DBA, and CAST, respectivelydj, these three strains were
N-terminal Cys that corresponds to the third amino acid in investigated fo3 andy variation.
the sequence of their partnex {n the case of ABP) in the Comparing the ABP subunit sequences among three
dimer. It is also interesting that the same six subunits are sypspecies oM. musculus the 8 subunit is the most
appreciably longer at the C-terminus than the others by 14 conserved of the three (Figure 4). TBeubunits of theM.
17 residues, and ABP andy are the longest of the six.  muysculus domesticasmdM. musculus castanessibspecies
A phylogenetic tree constructed from the alignment shown have identical amino acid sequences, whileNhenusculus
in Figure 2 is illustrated in Figure 3. The uteroglobin/clara musculug? sequence differs from them by three amino acids.
cluster was used as the outgroup in constructing the treeThe predicted s are identical for all thre@ sequences,
because of two important differences between them and theconsistent with the inability to identify electrophoretic
other secretoglobins: the lack of a middle Cys in this group variants that could be ascribed to tfiesubunit 8). By
in the uteroglobin/clara cluster and their formation of homo- contrast, they subunit of ABP is the least conserved of the
rather than heterodimers. Bootstrap values for the nodes ofthree subunits (Figure 4). It is similar in tlmeusculusand
the tree are generally high, especially at nodes that definecastaneusubspecies (96% identical) but very different in
five groups, labeled AE. These five groups are consistent thedomesticusubspecies (81% identical betwemnsculus
with the major groups described by Ni et &6) for a similar and domesticus 80% identical betweercastaneusand
collection of secretoglobin subunits, except that the branchesdomesticus The predicted pof the domesticug (8.49) is
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A
* * * + * *

Mm ABP alpha GI:2795927 GLCPAEQREVDLELNGTT--EE¥ QYLKQFNE‘NRD\FLDNAAN%}(KCSDRTLJEEDKAQALSLINK 'TRSRTC

Mm ABP beta RY293278 VERAYVE LVGNR-—AA AYLSMEOATAAERVAFEKIQDCFN-EEPLTTKLKSPQIMISELFSSECKAY Y TEDSVNEMADMEKLDSIN

Mm ABP gamma AY283281 --CLSEIRSYGARLTSSR--TF HADVSQFYATVBERJRFEK%QDCJG EEGPKTKILNPQILLSLY LSPECKKYYGDDIIKKEVQDFLNQSNIH

Mm lachrymal GI:2338288 GICE _KLDVHL LFGTP——EEgUNYVEKYKDDPETLLNTLK%KICUDRTLTKENKEHAHAFIEK%FS¢PLC

Mm 11 kDa GI:89%26324 ~-CLP_FEGYASELSGSR——VWJYQELQAFNATAEEKVALEK QDCFSEERIRNILLEFKIMEAMYA-SPECLSYYGLONIRSILDYISKLLGE

Fc Fel ch 1 GI:1169665 EICPAKRDVDL LTGTP--DEXE EOVAQYKHLPVVTT‘NARI;}KNCVDJ\KMTEEDKENAL.SVLD FYTSPLC

Fc Fel ch 2 GI1:232086 0 'F gANGNE—- DLSLTKVNATEPERTAMKK-QDCYVEN—GLISRVLDGLVMT SSKDCMGEAVONTVEDLELNTLGR

Ma HGE A GI:21370886 SVSKSELFDEV-- EAYLQTFNAPPEAVEAKVEMKKCIDSTLNY LEKMEMGKILA GY--CKGTEN

Ma HGEB Bl GI:6682330 DDAIAKTINSSVSME IYNSDECSGY

Ma HGB B2 GI:6682332 DDAIAKTINSSVEME VINSDECSGY

Rn PEP C1 GIl:131402 AHETISELMESE--E LE—CGVEKQWVETYYPEIDEY YDMN

Rn PBP C2 GI:131403 QDVTITELLNPE--E v IMLE~--COVEVWLOINFPRGRWFSEIN

Rn PBP C3 GI:131404 DEVIRGTINSTVTLH FKOCFLDO-TDKTLENVGVMMEATFNSESCQOPS

Hs LPFA GI:6831580 SEITGELLAGK--PVEKFQLAKFKAPLEAVAAKMEYKKCYD-TMAYEKRVLI TKTLGKIAEK - ~CDR

Hs LPPB GI:6831581 SELLDngISE——P KLSLAKFDAPPEAVAAKLGMKRCTD-OMSLOKRSLIAEVLVEELEK--C5V

Hs MGBA GI:2833243 NVISKTINPQVSKTEXKELLQEFIDDNATTNAIDELKECFLNQ-TDETLSNVEVFMOLEYDSSLODLE

Hs MGEB GI:6B31582 EDMVEKTINSDISIPEYKELLOEFIDSDARAEAMGERERQCFLNQ-SHRTLENFGLMMHTEY DS IWCNMESN

Oc Utero GI:137180 ETSLKEFEPDDTMKDAGMOMKKVLD-SLPQTTRENIMELTEKEVKSPLEM

Mm CC1l0 GI:543710 VASLEPEFNPGSDLONAGTOREKRLVD-TLPQETRINIMELTE TSPLCEKQDLREF

Rn CCl0 GI:112673 EAALKPFNPASDLONAGTQEKRLVD-TLPQETRINIVKLTE TSPLCEQDLEV

Hs CCl10 GI:112672 SS¥EAAMELFSPDODMREAGAQEKKLVD-TLPQKPRESIIKLMEKERQSSLCN

B %of 45

ATPase position 117 162 sites

Mm ABP alpha GI:27959%27 IKKCSDRTLTEEDKAQATSLINKITASRTC-————============= N/A
Mm AEP beta AYZ293278 IQDCFNEE-PLTTKLKSPQIMISILFSSECKAYYTEDSVNEMADMER 30%
Mm ABF gamma AY283281 LODCLGEE-GPKTKILNPQILLSLYLSPECKEYYGDDIIKEVQDFLN 17%
Cf ATPase GI:1703466 IQRATEEE-PONDNLYLGVVLSAVVIITGCEFSYYOEAKSSKIMESEFE 100%
Ec ATPase GI:114373 IQAATEEE-PONDNLYLGVVLSAVVIITGCFSY YOEAKSSKIMESEFR 100%
Hs ATPase GI:114374 IQAATEEE-PONDNLYLGVVLSAVVIITGCFSY YOEAKSSKIMESEFE 100%
S5s ATPase GI:114375 I0AATEEE-PONDNLYLGVVLSAVVIITGCFSY YOEAKSSKIMESER 100%
Oa ATPase GI1:114377 IOAATEEE-PONDNLYLGVVLSAVVIITGCFSY YOEAKSSKIMESEK 100%
Gg ATPase GI:114378 I0AAMEDE-PSHONLYLGVVLARVVIVIGCFSY YOEAKSSKIMDSER 89%
ha ATPase GI1:2493013 I0AASEDE-PANDNLY LGVVLSAVVIITGCESY YQEAKSSRIMDSER 91%

Ficure 2: (A) Multiple alignment of the sequences of the secredeahdy subunits of mouse salivary androgen-binding protein (ABP)

with other secretoglobins. Signal peptides are not shown. The GenBank identifier or accession number (GI) follows the name of each
protein. The helical regions experimentally determined for rabbit uteroglobin are underlined in that sequence. The most conserved positions
among the sequences compared are indicated by asterisks, and the critical F28 (see text) is indicated by a plus. The cysteines and the other
conserved residues are shaded. Names: ABP, mouse salivary androgen-binding protein; lachrymal, mouse allergen-like lachrymal protein;
11 kDa, mouse lachrymal 11 kDa secretory protein; Fel, feline allergen; HGB, hamster heteroglobin (chains A, B1, and B2 are represented);
PBP, rat prostatic steroid-binding protein (chains C1, C2, and C3 are represented); LPPA, lipophilin A; LPPB, lipophilin B; MGBA,

mammaglobin A; MGBB, mammaglobin B; Utero, uteroglobin; CC10, clara cell 10 kDa secretory protein. Speciedduglmusculus
(house mouse), Fé&elis catus(domestic cat); MaMesocricetus auratughamster); RnRattus noregicus(rat); Hs,Homo sapiensOc,
Oryctolagus cuniculugdomestic rabbit). (B) Multiple alignment of the sequences of the ATPase-like regions ot ABRandy subunits
with the sequences of various ATPases. Species: as above a@dr@,familiaris(dog); Ec,Equus caballughorse); SsSus scrofgpig);
Oa, Ovis aries(sheep); GgGallus gallus(chicken); Aa,Anguilla anguilla(eel).

radically different from those of the other two (7.06 for
musculusand 7.15 forcastaneups because many of the
substitutions cause charge changes on the protein.

The lack of p variation in the subunit and the marked
pl difference between th@usculusanddomesticusersions
of v are another means by which the two suburfitandy,

dimers with any giver subunit. In this same region, there
were 27 sites that differed between the CASand the C3H
y and 5 sites that differed between the CABand the DBA
Y.

Nonsynonymous/synonymous substitution rate ratios
(Ky/Ks) were calculated from the data in Figure 4 and are

can be identified (see above). The relative differences areshown in comparison with those calculated from the data of

consistent with predictions from the IEF dimension of two-
dimensional separation®2§). Three nucleotide sites were
polymporhic between thg subunits of C3H and DBA,

Hwang et al. 8) in Table 2. The lowesK/Ks we obtained
for the 8 andy subunit genesAbpbandAbpg was that for
the domesticus castaneusomparison ofAbpg (0.82) and

resulting in three neutral amino acid replacements. The was comparable to the value for theusculus-castaneus

predicted p for the C3HS subunit is 5.13, identical to that
of the DBA $. This is consistent with the observations of
Dlouhy et al. 28) that thes subunits did not differ in charge
between these two strains. Thus tHesubunit contains

comparison ofAbpa As observed forAbpa by Karn and
Nachman 22), these values stand in contrast to an average
Kd/Ks value of 0.143 for 363 homologous gen&3)( In the
comparison made by Wolfe and Shag7)only one revealed

polymorphism hidden from procedures that separate molec-Ky/Ks >1 (for interleukin-3,K/Ks = 1.12). Thus, as is the

ular species on the basis of their charges.

case forAbpa both Abpband AbpghaveKy/Ks well above

In the region coding for the secreted protein, 28 nucleotide average.

sites were polymorphic between thesubunits of C3H and
DBA, resulting in 17 amino acid replacements, 4 of which
changed the charge on the protein. The predictedmpthe
C3H vy subunit is 8.49, compared to 7.06 for the DBA
This is also consistent with the observations of Dlouhy et
al. (28) that they subunits differed in charge between these
two strains, conferring different isoelectric points on the

We were interested in the impact of polymorphism on the
conserved residues (F6, L13, Y21, F28, M41, and 163;
numbers from the uteroglobin sequence) shown in Figure 2
and the predicted secondary structure of the secretoglobins,
which is based on that of uteroglobin/clara. Figure 5
compares the secreted forms of all three ABP subunits,
showing the amino acid substitutions, the likely positions
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—— Oc Uteroglabin
57

— Hs CC10 A

100
— Mm CC10
100

—Rn CC10
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Mm lachrymal
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Ma HGB A

— Rn PBPC1
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—— Rn PBP C2

—Hs LPP A
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—Hs LPP B

80 — Hs MGB A
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Ma HGE B1
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Ma HGE B2
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Mm 11KDa

Mm ABP beta

Mm ABP gamma

Ficure 3: Phylogenetic tree of the secretoglobins shown in Figure 2. The tree is rooted by the four uteroglobin/CC10 sequences shown and
bootstrap values are indicated at the nodes. Groups of secretoglobin proteins corresponding to those—arf3&)l #e indicated by

vertical lines and capital letters on the right-hand side of the tree. The branch lengths on the tree are not proportional to base substitutions.
The abbreviations are explained in the legend to Figure 2.

Table 2: Values oK, andKs in Comparisons amongbpa Abph andAbpgAlleles

Abpa Abpb Abpg
comparison Ka(SE) Ks (SE) Kd/Ks Ka (SE) Ks (SE) Kd/Ks Ka (SE) Ks (SE) KdKs
domesticusmusculus 0.041 (0.017) 0.000 (0.000) 0.016 (0.009) 0.000 (0.000) 0.108 (0.025) 0.126 (0.043) 0.86
domesticuscastaneus 0.041 (0.017) 0.000 (0.000) 0.000 (0.000) 0.014 (0.014) 0.102 (0.024) 0.125(0.043) 0.82

musculus-castaneus 0.014 (0.010) 0.017 (0.017) 0.82 0.016 (0.009) 0.014(0.014) 1.14 0.027(0.012) 0.000 (0.000)

of the helices, and the carbohydrate moiety ondtseibunit. ¢ forms ofy. All of the variable residues in the subunit
There are no amino acid substitutions at any of the six are in helices while variable residuesimndy fall in helices
conserved sites in theand thes subunits. Thereisan I/L13  and in loops between them. A fifth helix is proposed for the

variation and an I/L41 variation between themesticusind long tails found ong and y but not other secretoglobins
musculusvariants of they subunit, indicating flexibility in (Figure 2). Amino acid substitutions between tt@mmesticus

these two residues which are variable betweengtiaad y y and themusculusy fall in that helix and the loop before
subunits (see Discussion). it.

All three subunits of ABP are likely to consist of four
o-helices in the first 70 amino acid residugsandy may DISCUSSION
also have a fifth helix in the extra C-terminal amino acids  Characterization of Two Forms of ABR this paper, we
comprising the tail that appears to be unique to them and describe the characterization of two forms of mouse salivary
four other secretoglobin subunits (see above), although oneandrogen-binding protein (ABP). ABP is a family of proteins
analysis predicted sheet structure for this region in the b andcomposed of three subunits, 5, andy, at least two of which
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DBA beta TGTGCTCCTTTTGTCGGAGCCTATGTTAAAATACTGGTTGGAAATAGGCTAGCTCTGAATGCCTACCTTTCGATGTTTCAAGCTACTGCA
CysAlaProPheValGlyAlaTyrVallysIleLeuValGlyAsnArglLeuAlaLeuAsnAlaTyrLeuSerMetPheGlnAlaThrAla

C3H G
Gly
CAST/Ei G
Gly

DBA beta GCGGAAAGGGTGGCCTTTGAAAAGATCCAGGATTGCTTCAATGAGGAACCATTAACCACCAAATTAAAGAGTCCCCAAATAATGATATCT
AlaGluArgValAlaPheGluLysIleGlnAspCysPheAsnGluGluProLeuThrThrLysLeulysSerProGlnIleMetIleSer

C3H G
Met
CAST/Ei G
Met

DBA beta ATACTCTTCAGCTCTGAATGCAAGGCATACTATACCGAAGATTCTGTAAACAAAATGGCGGATATGTTTAAACTGGATTCAATTAATTAG
IleLeuPheSerSerGluCysLysAlaTyrTyrThrGluAspSerValAsnLysMetAlaAspMetPhelLysLeuAspSerIleAsn (term)
C3H Cc
Pro
CAST/Ei cT
Pro

DBA gamma TGTCTTTCTTTCATCAGATCCTATGGAGCATTACTTACTTCAAGCAGGACCTTTCTTCATGCTGACGTTTCACAGTTTTATGCTACCGTA
CysLeuSerPheIlleArgSerTyrGlyAlaLeuLeuThrSerSerArgThrPheLeuHisAlaAspValSerGlnPheTyrAlaThrVal

C3H C TGC AT C A CT G c G G C T
Ala Thr Ile LeuArg Gly Leu

CAST/Ei G G C
vVal His

DBA gamma GCTGAAAGGGTGGCCTTTGAAAAATTACAGGATTGCTTAGGTGAAGAAGGACCAAAAACCAAAATTCTGAATCCCCAAATTCTGTTATCT
AlaGluArgValAlaPheGluLysLeuGlnAspCysLeuGlyGluGluGlyProLysThrLysIleLeuAsnProGlnIleLeuLeuSer

C3H A C TC G A T A
Ile PheArg Gln Ile Met
CAST/Ei A T
Ser Leu

DBA gamma CTATACTTAAGCCCAGAATGCAAGAAATACTATGGCGATGACATCATAAAGAAAGTTCAAGATTTTCTTAACCAGTCAAATATCCATTAG
LeuTyrLeuSerProGluCysLysLysTyrTyrGlyAspAspIleIleLysLysValGlnAspPhelLeuAsnGlnSerAsnIleHis (term)
C3H A c T A
Asn LeuLeu Ile
CAST/Ei

Ficure 4: Nucleotide and amino acid substitutions in the sequences of the secreted formg afritig sequences among three strains
of mice that represent the three subspeciedlo$ musculusThe ABP phenotypes of DBA, C3H, and CAST/Ei are thos&loimusculus
musculus M. musculus domesticuand M. musculus castaneugespectively. The amino acid residues in common betwee ted v
subunits are in bold type.

CHO

ABP alpha * * * + * *

M. m. domesticus E TK E

M. m. musculus GLCPALOREVDLFLNGTTEEYVQYLKQFNENRDVLDNAANIKKCSDRTLTEEDKAQATSLINKITASRTC

M. m. castaneus E E

ARP beta * * * + * *

M. m. domesticus G M P

M. m. musculus CAPFVGAYVKILVGNRLALNAYLSMFQOATAAERVAFEKIQDCFN-EEPLTTKLKSPQIMISILFSSECKAYYTEDSVNEMADMFKLDSIN

M. m. castaneus G M P

ABP gamma * * * + * *

M. m. domesticus AT I LR G L I FR Qo I M N LL I

M. m. musculus CLSFIRS¥GALLTSSRTFLHADVSQFYATVAERVAFEKLODCLG- EEGPKTKILNPQILLSLYLSPECKKYYGDDI IKKVODFLNQSNIH

M. m. castaneus v H ] L

0. c. uteroglobin' HHHHHHHHHEHHH HHHHHHHHH HHHHHHHHHHHHHEH HHHHHHHHHHHHHHH

Helix #1 Helix #2 Helix #3 Helix #4

C-terminal of beta and gamma HHHHHHHHH
Helix #5

'see Fig. 2

Ficure 5: Comparison of the amino acid sequences of the secreted forms of the three subunits of mouse salivary ABP. The helices found
in rabbit uteroglobin are shown by the series of H’s at the bottom and are the underlined residues in the ABP sequences. A fifth helix is
proposed for the tails of th8 andy sequences which are longer than uteroglobin and most other secretoglobins. Consensus residues are
highlighted in gray, and the six most conserved residues in the secretoglobin family are shown by asterisks and a plus sign as they are in
Figure 2. The carbohydrate moiety found on theubunit is indicated by CHO with an arrow to N15.

(o andy) have genetic variant28). The sequence of the with previous observations of their relative positions on IEF
subunit has been determinef) and has been the subject of gels 8). We confirmed their identification by sequencing
numerous evolutionary studie8, (22, 23). We report here  the g and y cDNAs from the C3H strain where genetic
the sequences of tiieandy subunits, having identified them  variation of they, but not thej, can be detected on IEF
on the basis of a comparison of their isoelectric pointy (p gels 8). The ds predicted for these two subunits in C3H



Genetics, Biochemistry, and Evolution of Mouse ABP Biochemistry, Vol. 42, No. 23, 2003169

account for the significant increase in the positive charge of glands, hamster HGB and mouse ABP are otherwise quite
the dimer containing ther variant. Thef variant, while different secretoglobins.

differing by three amino acid substitutions, does not change Ligand Binding by SecretoglobinSeveral secretoglobins,
the charge of its dimer, consistent with IEF observati@&. ( including rabbit uteroglobin38), mouse salivary ABPS),

The Genes Encoding ABP Subunis the basis of several and rat PBP 39, 40), have been shown to bind sex steroid
lines of indirect evidence, Dlouhy et a28) argued that three  hormones. However, the type of ligand normally bound, as
distinct genesAbpa Abph andAbpg encoded the, 5, and well as the role of ligand binding in the function of the
y subunits, respectively. Thg and y subunit sequences protein, has been the subject of much discussion. K2 (
presented in this report strongly suggest that three separateshowed that ABP preferentially binds steroids with the more
genes encode the three subunits of mouse salivary androgersaturated A ring of progesterone and testosterone. Karn and
binding protein (ABP). The many amino acid differences Clements 4) demonstrated that both of theeB\and AG
between the two subunits rule out posttranslational modifica- dimers of ABP bind dihydrotestosterone (DHT) to about the
tion as the explanation of two different chains that bind same extent, while the B dimer binds substantially more
alternatively to thex subunit. The longest sequence of amino testosterone that does the@dimer. Considering the results
acids that is identical betweghandy is residues 5461, of these two studies, it appears that (1) the natural ligand of
which makes it unlikely that the two subunits are the product ABP should have a ring similar to that of testosterone and
of alternative splicing of exons in a single transcriptional progesterone and (2) the two different dimers of ABP exist
element. The striking number of amino acid substitutions to bind structural variations of the ligand with different
between they’s from the domesticusand castaneussub- affinities. The evolution of two alternative subunits that
species compared to an identigabequence shared by the change the binding affinity of the ABP dimer for variations
two supports this argument against alternative splicing of a ligand strongly suggests that ligand binding is an
strategies within a single gene. important aspect of ABP function. A role has been proposed

Evolution of ABP and Other SecretoglobiriBhe secre-  for ABP in mate selection behavior (see, for example, ref
toglobin gene family appears to be restricted to mammals, 17), making it likely that sex steroid hormones are natural
suggesting that it evolved and radiated relatively recently ligands for the protein.
by gene duplication. Both our tree and that of Ni et @b)( Residues Which May Be dolved in the Differential
cluster the uteroglobin/clara proteins, which are homodimers, Ligand Binding by the Two Dimers of ABBecause AB
separately from the heterodimeric secretoglobins. The ABP and AG bind testosterone and DHT with different affinities
f andy subunits and mouse lachrymal 11 kDa protein cluster (4), it was of particular interest to examine amino acid
with cat Fel dI, chain 2, the only protein making up cluster residues at the positions shown by others to be critical for
E on their tree §6). Considering that the ABR. subunit ligand binding by uteroglobin [see Callebad) for details
groups with the mouse allergen-like lachrymal protein and of the uteroglobin structure summarized here]. The utero-
chain 1 of cat Fel dI, it seems likely that clusters B and E globin dimer forms an internal hydrophobic cavity, located
represent expansions of recent duplication events, the firstat the interface between the two subunits, the location of
of which created the ancestral B and E genes in a commonthe binding of hydrophobic ligands. The subunits consist of
mammalian ancestor, followed by later duplications that four a-helices which do not form a canonical four-helix
created additional genes within the two groups, e.g., #BP  bundle motif but rather a boomerang-shaped structure. The
andy in the mouse. subunits are connected in an antiparallel fashion to form a

Comparing groups B and E with the other groups in Figure dimer where helices 3 and 4 are involved in the dimer
3, it is interesting to note the striking differences between interface. Six residues, F6, L13, Y21, F28, M41, and 163, in
secretoglobins expressed in the same tissues in variougach subunit have been identified as being particularly
rodents. Alvarez et al.9j described two heteroglobin B important in this aspect of uteroglobin structure. Of these,
(HGB.B) subunits (B1 and B2) expressed in hamster only F28 (marked with a plus in Figures 2 and 5) is not
Harderian glands, one of which (B1) is also expressed in accessible to the ligand and probably functions instead in
hamster submaxillary glands. The ABP and HGB subunit maintaining the dimer interface. The other five (marked with
sequences are different enough that HGBB1 and HGBB2 asterisks in Figures 2 and 5) are involved in ligand binding.
fall into a different secretoglobin subfamily than ABRand The aromatic residues F6 and Y21 are critical to this and
y (groups C and E, respectively, in Figure 3). The other cannot be replaced by aliphatic amino acitls Conversely,
subunits of the HGB and ABP dimers, HGBA and ABP L13 is accessible to solvent in the hydrophobic pocket and
also fall into different families (groups D and B, respec- is commonly substituted by aromatic amino acids. This
tively). In fact, the hamster HGB subunits appear to be more suggests that L13 may be involved in determining ligand
similar to rat PBP subunits than to mouse ABP subunits. specificity.

HGBA shares group D with rat PBP C1 and C2, while  All three mouse salivary ABP subunits have F at the
HGBB1 and HGBB2 share group C with rat PBP C1. position corresponding to uteroglobin F28, the residue
Another important difference between HGB and ABP is the responsible for maintaining the dimer interfadg Both the
location of the carbohydrate moieties on these proteins.  andy subunits of ABP have F at the position corresponding
HGBB1 and HGBB2 have multiple glycosyl moieties while to uteroglobin F6, but the subunit has a Leu at that position.
ABP 5 andy are not glycosylated. On the other hand, our Conversely, thex has Y corresponding to uteroglobin Y21
results suggest that there is a single carbohydrate moiety onwhile both thes and y have Leu at that position. This
the oo subunit of ABP but there does not appear to be a suggests that, in a heterodimeric configuration, ligand binding
similar glycosylation of HGBA 9). Thus, while they share  can occur as long as at least one of the subunits in the dimer
the characteristic of being secreted by rodent submaxillary has an aromatic residue at each of those positions (utero-
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globin 6 and 21), since all forms of ABP observed to date
are capable of binding steroid4, 0, 28). 5 andy differ at

residues corresponding to uteroglobin residues L13, M42,
and 163, where in each case they have an lle and a Leu, ¢

different binding affinities for testosterone and DH4).(

A comparison of the regions of thé and y subunits 9
corresponding to helices 3 and 4 of uteroglobin are addition-
ally interesting in this assessment. Residues&®in s and
y, corresponding to helix 3 in uteroglobin, are 79% con-
served, over twice the average identity between these two 7,
subunits. By contrast, residues4&2 in 8 andy, corre-
sponding to helix 4 in uteroglobin, are only 40% conserved,

about the average for these two. If these are helices 3 and 4 14- N-
15. Morgenstern, J., Griffith, |., Brauer, A., Rogers, B., Bond, J.,

in the ABP AB and AG dimers, the conservation of helix
3 between th@ andy subunits may be due to a critical role
in the dimer interface where the ligand is bound.

Evolution of the Subunits of ABRIolecular evolutionary
analyses suggest thakbpa has evolved under strong
directional selection3, 22, 23), which is consistent with
sexual selection1(7, 24) driving ABP evolution. The best
evidence that selection is operating directly on ABP is the
observation of a high nonsynonymous/synonymdQgi()
substitution rate ratio3 22). In this investigation, we asked
whether there was evidence for similarly elevatgtKs ratios
in comparisons of thg andy cDNAs representing the three
subspecies dflus musculusThe ratios we obtained (Table
2) are higher than the average observed for proteins generally,
in agreement with ratios for thet subunit @, 22) and
suggesting that a similar kind of selection is operating on 26
the 8 andy subunit genes.

While most of the results support the sexual selection role,
it is by no means certain, and there have been suggestions
that it might not be the main and/or original function of this
protein (L7, 23). A number of questions remain unanswered;

17

for example, what is the physiological role, if any, of 29.

androgen binding? The data we report here suggest that 5,
androgen binding is an important part of the function of ABP,
but more work will be required to show what its role is.
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