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sialoadhesin, and the influenza A virus hemagglutinin (27–33).
Interestingly, even in animals with large amounts of Neu5Gc
in other tissues, its level in the brain is always extremely low
(34–36). We recently reported a major biochemical difference
between the great apes and humans, with the latter showing a
loss of activity of the enzyme CMP-N-acetylneuraminic acid
hydroxylase (37). This enzyme converts the nucleotide sugar
donor CMP-Neu5Ac to CMP-Neu5Gc in other animals (38–
46). Loss of hydroxylase activity provides a potential explanation for the finding that although the body fluids and tissues
of all of the great apes (chimpanzee, bonobo, gorilla, and
orangutan) express high levels of this sialic acid, corresponding
samples from humans contain little or no detectable Neu5Gc
(37). However, the regulation of this hydroxylase activity is
very complex and involves multiple interacting factors (38–
45). Moreover, expression of Neu5Gc has been reported in
human fetal tissues (47) and in certain human cancers (47–49),
and our previous study (37) noted that some human tissues had
small quantities of an HPLC peak corresponding to Neu5Gc.
Thus, it has been suggested that the activity of this hydroxylase
may be suppressed in adult humans, rather than eliminated
altogether. To explore this issue, we have cloned the human
and chimpanzee cDNAs encoding the CMP-Neu5Ac hydroxylase. We find that the human lineage has suffered a genetic
mutation in the coding region of this cDNA. While this
manuscript was in preparation, another group reported the
same deletion in a human hydroxylase cDNA (50). However,
that paper reported an incomplete cDNA sequence, which did
not include the initial 59 translation start site. It also did not
address the uniqueness of this mutation for humans and its
implications for hominoid evolution.

ABSTRACT
Sialic acids are important cell-surface molecules of animals in the deuterostome lineage. Although humans
do not express easily detectable amounts of N-glycolylneuraminic
acid (Neu5Gc, a hydroxylated form of the common sialic acid
N-acetylneuraminic acid, Neu5Ac), it is a major component in
great ape tissues, except in the brain. This difference correlates
with lack of the hydroxylase activity that converts CMP-Neu5Ac
to CMP-Neu5Gc. Here we report cloning of human and chimpanzee hydroxylase cDNAs. Although this chimpanzee cDNA is
similar to the murine homologue, the human cDNA contains a
92-bp deletion resulting in a frameshift mutation. The isolated
human gene also shows evidence for this deletion. Genomic PCR
analysis indicates that this deletion does not occur in any of the
African great apes. The gene is localized to 6p22–p23 in both
humans and great apes, which does not correspond to known
chromosomal rearrangements that occurred during hominoid
evolution. Thus, the lineage leading to modern humans suffered
a mutation sometime after the common ancestor with the chimpanzee and bonobo, potentially affecting recognition by a variety
of endogenous and exogenous sialic acid-binding lectins. Also,
the expression of Neu5Gc previously reported in human fetuses
and tumors as well as the traces detected in some normal adult
humans must be mediated by an alternate pathway.
Humans are evolutionarily related to the African great apes,
Pan troglodytes (the chimpanzee), Pan paniscus (the bonobo or
pygmy chimpanzee) and Gorilla gorilla (the gorilla) (1–6).
Current data indicate that the last common ancestor of humans
with the great apes was very likely shared with the chimpanzee
and bonobo (7–16). Given the '99% identity at the DNA and
amino acid-sequence level, it is proposed that only a few
changes in gene expression or function are responsible for the
morphological and functional differences between humans
and these closely related primates (4). Such differences in gene
regulation and function could also explain variations in susceptibility and biological response to diseases such as cancer,
hepatitis, AIDS, malaria, and intestinal infections (17–22).
The sialic acids are a family of acidic sugars typically found
at the outer end of the cell surface and secreted glycoconjugates of all vertebrates (23–26). The two most common forms
of sialic acid found in mammalian cells are N-acetylneuraminic
acid (Neu5Ac) and its hydroxylated derivative, N-glycolylneuraminic acid (Neu5Gc). The conversion from Neu5Ac to
Neu5Gc can positively or negatively affect interactions involving several of the known endogenous and exogenous receptors
for sialic acids such as CD22, myelin-associated glycoprotein,

MATERIALS AND METHODS
Identification and Characterization of Expressed Sequence
Tag (EST) Clones. The previously reported mouse CMP-Neu5Ac
hydroxylase sequence (45) was used to carry out BLAST searches
of the human EST database at the National Center for Biotechnology Information website (http:yywww.ncbi.nlm.nih.govy
dbESTyindex.html). Several clones with .80% homology to the
murine hydroxylase sequence were found. These were obtained
from the company Research Genetics, and subjected to complete
sequencing of both strands by the dideoxy chain-termination
Abbreviations: Neu5Gc, N-glycolylneuraminic acid; Neu5Ac, Nacetylneuraminic acid; BAC, bacterial artificial chromosome; FISH,
fluorescence in situ hybridization; EST, expressed sequence tag; TdT,
terminal deoxynucleotidyltransferase; EBV, Epstein–Barr virus;
RACE, rapid amplification of cDNA ends; UTR, untranslated region.
Data deposition: The sequences reported in this paper have been
deposited in the GenBank database [accession nos. AF074480 (human
hydroxylase cDNA) and AF074481 (chimpanzee hydroxylase cDNA)].
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method (performed by the MacConnell Research Corporation,
or in the laboratory of S. Hedrick, using an Applied Biosystems
Prism Sequencer).
5* RACE (Rapid Amplification of cDNA Ends). RACE was
performed by using primers based on the 39 regions of the EST
clones. Epstein–Barr virus (EBV)-transformed lymphocytes
from chimpanzees and humans were cultured in RPMI medium
1640 supplemented with 10% fetal calf serum and 1% Lglutamine. Messenger RNA was isolated from '30 million cells
by using a Qiagen Oligotex Direct mRNA isolation kit (Chatsworth, CA). Cells were lysed, homogenized using Qiagen’s
QIAshredder, and incubated with Oligotex beads to allow mRNA
to hybridize with (dT)30 oligonucleotides covalently linked to the
Oligotex beads. The mRNA–Oligotex complex was then washed
twice, and mRNA was eluted with a low-salt buffer. GIBCOy
BRL’s 59 RACE system was then used to perform cDNA
amplification. Briefly, 2.5 mg of mRNA was reverse-transcribed
with a gene-specific primer RACE1 (CTG TGT TTC CAA CAT
AAA TGG G) using Superscript II reverse transcriptase. The
mRNA was then degraded with RNase, and the cDNA was
purified by using GlassMAX spin cartridges. After dC-tailing of
the cDNA with terminal deoxynucleotidyltransferase (TdT) and
dCTP, the cDNA was PCR-amplified by using the Abridged
Anchor Primer (GIBCOyBRL) and a second gene-specific
primer, RACE2 (ACA GCC TCT CCA GCC AAT CAG ATG),
to obtain a nested product. The cDNA was then further nested by
reamplifying using PCR with the Abridged Universal Amplification Primer (GIBCOyBRL) and the primer RACE3 (AAC CAC
CAT CCA CGG GCA AAA GCA), and finally TA cloned by
using Invitrogen’s Original TA Cloning Kit. Sequencing of the
products was carried out as above.
Cloning of Full-Length cDNA for Chimpanzee and Human
Hydroxylase by Reverse Transcription (RT)–PCR. Two primers,
NOTC51 (AAG CAG AGC GGC CGC CAG ACG ATG GGC
AGC ATC G) and 31BAM (TGT CTT GGA TCC TTT TCT
CTT CCT GTT TCC TC), were designed using 59 RACE and the
39 EST sequences common to human and chimpanzee. One
microgram of mRNA was reverse-transcribed using 50 pmol of
random hexamer, 200 units of Superscript II, and 20 units of
RNase inhibitor in a 40-ml reaction with First Strand Buffer, 200
mM dNTP, and 10 mM DTT. A 2-ml portion of the reverse
transcription reaction was then PCR-amplified with 20 pmol of
NOTC51 primer, 20 pmol of 31BAM primer, and the Expand
Long Template PCR System from Boehringer Mannheim with
1.75 mM MgCl2. The PCR products were then gel-purified by
using the QIAEX Gel Extraction system and cloned by using
Invitrogen’s TA Cloning Kit. Sequencing of three independent
clones of each PCR product was done as described above. Final
sequences are based on overlapping sequencing runs covering
both strands.
Genomic PCR Analysis. EBV-transformed lymphocytes from
human, chimpanzee, bonobo, and gorilla were cultured as described above. Genomic DNA was prepared according to standard procedures (51), and PCR was carried out using primers R5
and R3, corresponding to the 59 and 39 ends of the 92-bp region,
respectively. Twenty picomoles of R5 (GTC TGT CAG ATG
CAC AAA CGA C) and 20 pmol of R3 (CCA GCT CAT CTT
GAC AGA AGC) were used to amplify 1 mg of genomic DNA
from each species in a 50-ml reaction with 200 mM dNTPs, 2.5
mM MgCl2, 20 mM TriszCl (pH 8.4), and 50 mM KCl. PCR
conditions were as follows: 95°C for 5 min followed by 30 cycles
of 94°C, 60 sec; 58°C, 60 sec; 72°C 45 sec, ending with 72°C for 10
min. Ten microliters of the PCR product was then electrophoresed on a 1.5% agarose gel and stained with ethidium bromide.
PCR Amplification of Human 3* Untranslated Region
(UTR) Sequences. Primers 244MF and 244MR were derived
from 39 UTR sequence of EST244303 (244MF, CAC AGA
GGA AAC AGG AAG AG; 244MR, TTG TTA TGC ATG
TGA GCG G). PCR was carried out using 20 pmol of each
primer and 200 ng of human genomic DNA in a total volume
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of 20 ml containing 200 mM dNTPs and 1.2 units of Taq
polymerase in a buffer of 1.5 mM MgCl2, 15 mM (NH4)2SO4,
60 mM TriszCl (pH 8.5), and 5% dimethyl sulfoxide. Using a
Perkin–Elmer GeneAmp PCR System 9600, the following
conditions were used: denaturation at 95°C for 120 sec followed by 32 amplification cycles of 94°C for 30 sec; 58°C for 30
sec; 72°C for 60 sec; and extension at 72°C for 7 min.
Electrophoresis of the PCR products through a 2% agarose gel
followed by ethidium bromide staining revealed the expected
359-bp product (data not shown).
Isolation of Bacterial Artificial Chromosome (BAC) Clones.
Human genomic clones were identified by screening pools of the
human BAC library release III from Research Genetics (Huntsville, AL) by PCR of 39 UTR sequences. Primers and conditions
were as described above, except 100 ng of DNA was used as
template. DNA from the positive human genomic BAC clone
443N17 was purified by using a QIAGEN-tip 100 and a modified
Plasmid Midi Kit midiprep protocol. Briefly, a 100-ml culture was
treated as two 50-ml aliquots until addition to the column.
Solutions P1, P2, and P3 were used at 2.53 volumes (compared
with the standard protocol) per 50 ml of culture. The column
elution buffer QF was heated to 65°C and added to the tip-100 in
1-ml aliquots.
Southern Blot Analysis of BAC Clones. BAC DNA was prepared, restriction-digested, and analyzed using Southern hybridization performed according to standard procedures (51). BAC
DNA (2 mg) was digested overnight at 37°C with BamHI or
EcoRI and electrophoresed on a 0.8% agarose gel, which was
then shaken for 1 hr in denaturation buffer (0.5 M NaOHy1.5 M
NaCl) and neutralized 1 hr in neutralization buffer (1 M TriszCl,
pH 7.5y1.5 M NaCl). The DNA was then transferred for 1 hr 45
min in 203 standard saline citrate (SSC; (13 SSC 5 0.15 M
sodium chloridey0.015 M sodium citrate, pH 7) onto a nitrocellulose membrane by using a PosiBlot 30–30 pressure blotter
(Stratagene) and crosslinked to the membrane by UV irradiation.
After rinsing in 53 SSC, the membrane was prehybridized
overnight at 42°C in prehybridization solution [63 SSCy20 mM
NaH2PO4y0.4% SDSy53 Denhardt’s solution (13 5 0.02%
polyvinylpyrrolidoney0.02% Ficolly0.02% BSA), and 100 mgyml
salmon sperm DNA], and then probed for 72 hr at 42°C with
hybridization solution (43 SSCy25 mM NaH2PO4y10% dextran
sulfatey43 Denhardt’s solutiony100 mgyml salmon sperm DNA)
containing probes corresponding to the 92-bp region deleted in
the human cDNA (PR, based on the chimpanzee sequence), the
sequence immediately 59 of this region in the cDNA (P5), and the
sequence immediately 39 of this region (P3). After 3 washes with
23 SSCy0.1%SDS for 1 hr at 42°C, the membrane was exposed
onto a PhosphoImager screen (Molecular Dynamics) for 72 hr
and then analyzed. Probes were generated by primer extension
with a-32P-labeled dNTPs from NEN. Probe PR was generated
with primers PRy5 (GCA CAA CTG CAA ATT AGA TGT
GAG CAC CAT GAA GTA TAT CAA CC) and PRy3 (CAG
AAG CTT TCC GGA GGG TTG ATA TAC TTC ATG GTG);
P5 was generated with primers P5y5 (AAG CAC CAA GGA
GGC CTG TTC ATA AAA GAT) and P5y3 (CCT CCG GCT
AAA TCC TCG ATA TCT TTT ATG); and P3 was generated
with primers P3y5 (TTG TTG AAA TGG ATG AAA ACA
ACG GAC TTT), P3y3 (GAT TCA GTT CTA AAA GCA
AAA GTC CGT TGT).
HumanyRodent Somatic-Cell Hybrid Mapping. Using 200 ng
of DNA from each sample from the NIGMS cell repository
humanyrodent somatic-cell hybrid mapping panel 2 (Coriell Cell
Repositories), PCR amplification and analysis were carried out as
above. A radiation-hybrid panel derived from chromosome 6p
was screened by using PCR. Primers were designed from the 39
UTR of the human hydroxylase gene (CHR6.1-F CGA ATC
CAA TCA CAG AGG AAA CAG G; CHR6.1-R-GCA TTA
TTG TTA TGC ATG TGA GCG G; CHR6.2-F CAA TGG
TGG AAT TTG TCT CC; CHR6.2-R CTC ACC ATA GAC
ATT CTG ACC TAC; CHR6.3-F CTG AGA TCC TGT TGT
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GCC TAT CAC C; and CHR6.3-R CCT TGG TGC TTG CAC
ATA TTC TTG CAT GCC). Primer pairs were used as follows:
CHR6.1-FyCHR6.1-R; CHR6.2-FyCHR6.2-R; CHR6.3-Fy
CHR6.3-R; and CHR6.1-FyCHR6.2-R. Primer pair CHR6.3-Fy
CHR6.3-R produced a PCR product in hamster the same size as
the human product. All other primer combinations were informative. PCR was carried out in 25 ml reactions using 100 ng of
DNA as template. Reactions were performed in 13 Perkin–
Elmer PCR buffery0.1 mM dNTPs (1mM each primer)y5%
dimethyl sulfoxide with 1.25 units of Taq polymerase. Amplifications were 30 sec each at 94°C, 57°C, and 72°C, for 30 cycles.
Metaphase Chromosome Preparation. A transformed normal male lymphoblast cell line was cultured in RPMI medium
1640 supplemented with 10% fetal bovine serum. Cell cultures
were treated with Colcemid and harvested by using standard
protocols. Fixed-cell suspensions were dropped onto glass
slides and were then aged for at least 48 hr at 220°C before use.
Fluorescence in Situ Hybridization (FISH) Analysis. One
microgram of BAC DNA was labeled by nick-translation with
digoxigenin 11-dUTP in the presence of reduced dTTP (Boehringer Mannheim), ethanol-precipitated, and resuspended in 10 ml
of a 65% (volyvol) formamide hybridization solution. For FISH,
250 ng of labeled DNA was combined with 1 mg of human COT-1
DNA (GIBCOyBRL) to block repetitive sequences. The probe
mixture was denatured at 70°C for 10 min and renatured at 37°C
for approximately 30 min. FISH was performed according to
standard procedures. Slides were dehydrated in ethanol and
denatured in 70% formamidey23 SSC at 70°C for exactly 2 min.
Slides were dehydrated again and hybridized with the BAC
443N17 probe overnight at 37°C in a humidified chamber. The
slides were washed in 50% formamidey23 SSC and in 23 SSC
at 43°C, and BAC hybridization signals were detected with
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anti-digoxigenin-rhodamine (Boehringer Mannheim) at 37°C.
Chromosomes were counterstained with 49,6-diamidino-29phenylindole dihydrochloride (DAPI, Boehringer Mannheim) in
Vectashield mounting medium (Vector Laboratories), and
viewed under a Zeiss Axioskop fluorescence microscope
equipped with a triple band pass filter.

RESULTS
Human EST Databases Contain Sequences Homologous to the
3* Region of the Mouse CMP-Neu5Ac Hydroxylase. Current
human EST databases were found to contain several sequences
with 75–85% homology to the previously reported mouse CMPNeu5Ac hydroxylase cDNA. One of these ESTs (clone number
257329) encoded an ORF with as much as 90% identity (with no
gaps) to the carboxy-terminal half of the mouse hydroxylase
cDNA (see Fig. 1). The only major difference noted is a carboxylterminal extension of the ORF that is not present in the mouse
cDNA. Two other ESTs (clones 244303 and 701123) contained
generally similar sequences, but included some insertions and
deletions that prematurely terminate the ORF (data not shown).
We reasoned that all of these cDNAs represent alternatively
spliced messages derived from the single gene (50) encoding the
corresponding human hydroxylase.
Chimpanzee and Human CMP-Neu5Ac Hydroxylase cDNA
Homologues Expressed in Lymphoblastoid Cells Are Different in
Both the 5* Region and the 3* Tail. We had earlier found that
although human B lymphoblastoid cells do not express Neu5Gc,
cells from both the bonobo and the chimpanzee do express
substantial amounts of this sialic acid. We therefore used the
human EST database sequences to obtain complete cDNAs for
the chimpanzee and human hydroxylase. We first carried out 59
RACE using mRNA from lymphoblastoid cells and the sequence

FIG. 1. Comparison of nucleotide and derived amino acid sequences of CMP-Neu5Ac hydroxylase cDNAs from mouse, chimpanzee, and human.
(A) Comparison of nucleotide sequences. Sequencing of multiple full-length cDNA clones was carried out as described. The CLUSTALW program
(http:yywww2.ebi.ac.ukyclustalwy) was used to align the sequences. The 92-bp gap in the human cDNA and differences at the 39 end are indicated
with dotted lines. The start and stop codons of the primary ORF are underlined. (B) Comparison of the ORFs of the cDNAs. The putative Reiske
iron-sulfur binding region of the mouse and chimpanzee hydroxylase are underlined.
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information from the 59 region of the EST clones. The major 59
RACE product in the human was '500 bp in size, whereas the
corresponding fragment from the chimpanzee was slightly larger
(data not shown). Sequencing indicated that the difference is the
result of a 92-bp deletion within the 59 region of the human cDNA
(Fig. 1 A). The 59 and 39 sequences were then used to obtain the
complete human and chimpanzee hydroxylase cDNAs by RTPCR, using a high-fidelity polymerase (Pwo). As shown in Fig. 1,
the complete chimpanzee cDNA sequence is '85% identical to
that of the mouse. It includes an ORF that is '90% identical to
the mouse, with the only major difference being at the 39 end,
where the chimpanzee has a 13-aa extension. In contrast to the
mouse and chimpanzee cDNAs, a 92-bp deletion in the human
cDNA results in a frameshift, which would cause a premature
truncation of the coding sequence (Fig. 1B). The deletion includes sequences coding for the putative Reiske iron-sulfur
binding region of the murine hydroxylase protein (46), and the
resulting truncated molecule is therefore highly unlikely to have
any hydroxylase activity. This deletion in the cDNA is identical to
the one recently reported by Irie et al. (50). However, these
authors did not isolate the complete 59 region of the human
cDNA that includes the primary initiator methionine; therefore,
they came to a different conclusion regarding the nature of the
truncated protein produced (see Discussion).
The cDNA Change in Humans Is Caused by a Genomic
Alteration That Is Not Found in Any of the African Great Apes.
Genomic PCR analysis was carried out using primers corresponding to the 59 and 39 sequences of the 92-bp region of the
chimpanzee cDNA. As shown in Fig. 2, we obtained a corresponding 92-bp PCR product from total genomic DNA of all of
the African great apes, but not from the human. This suggests that
this region of the human genome is either deleted or markedly
altered in its sequence. Sequences from the 39 UTR of human
ESTs were therefore used to screen a human genomic BAC array
library. PCR screening of BAC pools resulted in the identification
of two BAC clones, 443N17 and 541O17. Upon colony purification, DNA of these BAC clones consistently produced an expected 359-bp PCR product. PCR and Southern blot analysis of
clone 443N17 with primers and probes representing the 59 and 39
ends of the human cDNA indicate that this BAC clone includes
the complete coding region for the hydroxylase (data not shown).

FIG. 2. PCR analysis of genomic DNA from humans and African
great apes. Genomic DNA from human (Hu), chimpanzee (Ch),
bonobo (Bo), or gorilla (Go) was subjected to PCR analysis with
primers corresponding to the 59 and 39 ends of the 92-bp sequence
missing from the human cDNA. S, molecular weight standards; 1,
positive control, using chimpanzee cDNA as template; 2, negative
control, without template. Some higher molecular weight background
bands seen with great ape DNA were more prominently amplified in
the human sample.
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Further Southern blot analysis with probes corresponding to the
sequences immediately 59 and 39 of the 92-bp human cDNA
deletion indicates that they are present in the BAC clone (Fig. 3).
However, the BAC failed to hybridize with a chimpanzee cDNA
probe corresponding to the 92-bp human cDNA deletion (Fig. 3).
PCR analysis similar to that shown in Fig. 2 was performed by
using the BAC clone as template. Again, no 92-bp product was
found, and the higher molecular weight bands seen in the human
lane in Fig. 2 were either absent or much less prominent,
suggesting that they are nonspecific (data not shown). Further
PCR studies (not shown) indicated that the intronic regions on
either side of the putative 92 bp-deletion are very large (.10kb)
and will require extensive subcloning and sequencing to define
precisely.
The 92-bp Deletion Is Found in Diverse Human Populations.
Our previous biochemical evidence for Neu5Gc deficiency in
humans included a survey of more than 70 individuals from many
backgrounds (37). To ensure that the hydroxylase mutation is not
simply a human polymorphism, we carried out a similar PCR
analyses on DNA samples from 18 ‘‘Caucasians,’’ 4 African
Americans, 4 !Kung bushmen, 4 Khwe pygmies, and 6 Japanese.
All of these samples failed to give the 92-bp PCR product,
whereas control samples from chimpanzees and bonobos showed
the product (data not shown).
Chromosomal Localization of the Human Hydroxylase Gene
and Comparison with the Great Ape Genes. A variety of techniques were used to localize the human hydroxylase gene. PCR
amplification of human genomic DNA using primers 244MF and
244MR resulted in a PCR product with the expected 359-bp
fragment size from the 39 UTR of EST244303. Amplification of
a humanyrodent somatic-cell hybrid mapping panel showed the
expected product amplified from human genomic DNA and no
signal with either mouse or hamster DNA (Fig. 4A). Only sample
6 also gave a product of 359 bp, indicating that the locus maps to
human chromosome 6.
FISH experiments against metaphase chromosomes from a
normal human male showed that BAC clone 443N17 maps to
the distal short arm of chromosome 6 (Fig. 4B). PCR primers
designed to complement the 39 UTR of the gene were then
used to screen a radiation hybrid panel specific to human 6p
(52). This allowed the map position of hydroxylase to be
further narrowed to 6p22-p23, to an interval including the
marker D6S89 and SCA1 (data not shown). FISH studies using
chimpanzee, bonobo, and gorilla metaphase chromosomes
showed that the map position is conserved with the human
(data not shown). Thus, the human hydroxylase gene is not

FIG. 3. Southern blot analysis of a
BAC clone encompassing the human
hydroxylase gene. BAC 443N17 DNA
(10 mg) was digested with BamHI
(HI) or EcoRI (RI) and subjected to
Southern blot analysis using probes
corresponding to the missing region
in the human cDNA (PR, based on
chimpanzee sequence), and the sequences immediately 59 (P5) and 39
(P3) of this region. All three probes
were equally sensitive when used to
probe Southern blots of the chimpanzee hydroxylase cDNA (data not
shown).
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FIG. 4. Chromosomal localization of the human CMP-sialic acid hydroxylase gene. (A) Humanyrodent somatic-cell hybrid mapping. Ethidium
bromide-stained agarose gel analyzing the products of PCR amplification of samples of the NIGMS humanyrodent somatic-cell hybrid mapping
panel 2. Lanes labeled 1–22, X, and Y reflect DNA from a chromosome 6 hybrid clone containing the designated human chromosomes. Hamster
(Ha), mouse (Mo), and human (Hu) are total genomic DNA from those species used to create the hybrid panel. A negative control (B) is shown
as well as 100-bp marker lanes with the 300- and 400-bp bands indicated. (B) FISH mapping. Metaphase FISH localization of genomic BAC clone
443N17 containing the CMP-sialic acid hydroxylase gene to the distal short arm of human chromosome 6. Detection of digoxigenin-labeled probes
was achieved with anti-digoxigenin antibodies conjugated to rhodamine (giving the red signal), followed by 49,6-diamidino-29-phenylindole
dihydrochloride (DAPI) counterstaining of the chromosomes and viewing under an epifluorescence microscope with a triple band pass filter.

located at the site of any of the gross chromosomal rearrangements known to have occurred in hominoid evolution (53).

DISCUSSION
Our data indicate that the human CMP-Neu5Ac hydroxylase
gene underwent a major mutation since the time of the last
common ancestor with the bonobo and chimpanzee. The loss
of a 92-bp segment in the coding region results in a frameshift
mutation that can account for the lack of hydroxylase activity
and deficiency of Neu5Gc in humans. We have also isolated
the complete human hydroxylase gene, and have shown by
Southern blot analysis that it does not contain the 92-bp region.
We have not fully characterized the gene because of its very
large size. In parallel studies, Irie et al. (50) have reported an
analysis of the same region of the human gene, and conclude
that a section corresponding to exon 6 of the mouse hydroxylase gene is deleted in humans.
Sialic acids are common structural components of the
glycoconjugates of all animals of the deuterostome lineage
(23–26) and are known to mediate cell–cell interactions by
specific sialic acid-binding lectins (27–31) such as the selectins
and the siglecs. A variety of structural modifications of
Neu5Ac such as Neu5Gc (23–25) can modulate recognition in
endogenous interactions as well as in exogenous microbial
recognition (23–26). The expression of Neu5Gc is widespread
in animals from sea urchins to mammals, and also shows
tissue-specific and developmentally regulated expression (23,
24, 54–56). A change from Neu5Ac to Neu5Gc is likely to
affect several of the known endogenous and exogenous receptors for sialic acids (27–29). For example, the presence or
absence of Neu5Gc would affect the interactions of microbial
pathogens such as influenza A and B viruses (57–59) and
Escherichia coli K99 (60–63). There are many other microbes
that utilize sialic acids as specific binding sites on mammalian
cells, including major pathogens such as Helicobacter pylori and
Plasmodium falciparum (22, 30, 64, 65). In most such instances,
the consequences of having Neu5Gc rather than Neu5Ac have
not yet been pursued. Because sialic acids are also ligands for
a variety of endogenous vertebrate lectins (27–33), the loss of
hydroxylation could have complex effects on the growth,
development, and function of multiple systems. For example,
CD22 on B lymphocytes, sialoadhesin on macrophages, and

myelin-associated glycoprotein on neuronal axon myelin
sheaths can show preferences for or lack of binding to Neu5Gc
(27). Thus, the genetic defect in humans causing loss of or
reduction in Neu5Gc expression could potentially influence a
wide variety of biological and pathological processes.
Despite the present finding of a major mutation in the
human hydroxylase gene, human fetal tissues (47) and certain
human tumors (47–49) have been reported to contain Neu5Gc
in small amounts. Some humans with malignancies or with
certain inflammatory or infectious diseases are also known to
spontaneously develop antibodies against Neu5Gc (66–68).
We have also noted small traces of an HPLC peak corresponding to Neu5Gc in some human tissues (37). Taken together,
these data indicate that the capacity to synthesize Neu5Gc may
not be lost completely in humans. Further studies will be
needed to ascertain whether this represents the up-regulation
of another minor pathway for the synthesis of Neu5Gc, such as
the suggested use of the donor glycolyl-CoA (69, 70), or the
incorporation of Neu5Gc from dietary sources (71).
In this study, we have isolated a human hydroxylase cDNA that
includes the codons corresponding to the initiator methionine of
the mouse and chimpanzee hydroxylase. In contrast, the recent
study of Irie et al. reported an incomplete cDNA that does not
include this 59 region (50). This 59-truncated cDNA gave them a
protein product in an in vitro translation reaction, leading to the
assumption that a methionine codon downstream of the 92-bp
deletion is the primary initiator for translation of a truncated
protein representing .80% of the carboxyl end of the hydroxylase. They went on to show that such a truncated protein had no
residual hydroxylase activity when expressed in COS cells. However, because we find an intact primary initiator methionine
codon corresponding to those of the mouse and chimpanzee
proteins, we predict a much shorter truncated polypeptide involving the amino terminus of the protein. Thus, it remains to be
seen whether the protein product studied in vitro by Irie et al. (50)
actually exists in vivo.
We should also note that there is a difference between the
39 ends of the major cDNAs reported by the two groups.
However, we also isolated an alternative human transcript with
identity to the 39 region reported in their paper, as well as other
clones with various deletions and insertions. Although we did
not conduct an extensive search in a chimpanzee library, we
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encountered only one such anomaly in the chimpanzee clones
that we isolated. We speculate that the many abnormalities and
variations of the 39 region of the human hydroxylase are
reflective of a gene that became nonfunctional in recent
evolutionary times, and is undergoing a random degeneration.
Regardless, if it were possible to determine when the loss of
Neu5Gc expression occurred in relation to hominid evolution,
this may shed light on the controversial question of the origin
of modern humans (72). Unfortunately, autosomal DNA from
fossils .30,000 years B.P. is extremely difficult to recover (73).
Finally, given the DNA melting curves and gene sequence data
indicating an almost 99% identity of the chimpanzee genome to
that of the human (9–16), it has been suggested that the genetic
changes that result in morphological and functional differences
between these species are subtle, e.g., minor changes in the
promoter regions of critical genes andyor specific changes in the
amino acid sequence of some gene products (4). However, the
present data emphasize that the genetic differences between
humans and the great apes can include major gene alterations. It
remains to be seen whether the mutation in CMP-sialic acid
hydroxylase can explain some of the dramatic morphological and
functional changes that occurred during the evolution of humans.
In this regard, perhaps the most intriguing observation is that no
matter what the level of Neu5Gc was in other parts of the body,
the amounts in the brain were always very low in a variety of
animals studied (34–36), including the chimpanzee (37). This
correlates with very low levels of hydroxylase message in the
mouse brain (45). These data indicate that, for unknown reasons,
Neu5Gc expression is not desirable in the vertebrate brain. Of
course, in humans, the last traces of Neu5Gc in the brain are
eliminated, because of the genomic mutation in the hydroxylase.
It remains to be seen whether this results in any evolutionary
advantage for human brain development or function.
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