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Biochemical Identification of Homogentisic Acid Pigment 

in an Ochronotic Egyptian Mummy 

Abstract. Roentgenograms of an Egyptian mummy, dating from 1500 B.C., 
showed extensive calcification of the intervertebral discs and articular narrowing in 
both hip and knee joints. Biopsy cores from the right hip showed parallel black zones 
in the region of the articular surfaces, leading to a clinical diagnosis of ochrinosis. 
The black pigment was extracted, analyzed, and compared to an air-oxidized homo- 
gentisic acid polymer. The two substances apparently were identical. The chemical 
evidence thus confirms the clinical finding of ochronosis, an autosomal recessive 
disorder. This is, so far as known, the earliest verified case of this disorder. 

Ochronosis is a hereditary disorder in 
which arthritic symptoms appear in af- 
fected individuals because of the accu- 
mulation of a black pigment in cartila- 
genous and fibrous tissues (1). The for- 
mation of the black pigment has been 
linked to the metabolism of phenylala- 
nine and tyrosine. The enzyme homo- 
gentisic acid oxidase is absent, and the 
normal degradation product of tyrosine 
accumulates. The homogentisic acid in 
turn undergoes oxidative conversion to 
quinone derivatives, and these polymer- 
ize to form the pigment. This disease has 
been suspected in Egyptian mummies 
because of characteristic roentgenogra- 
phic findings (2). Although the black pig- 
ment has also been ascribed to the mate- 
rials used in the process of mummifica- 
tion, the mummies were preserved by 
dehydration, usually with inorganic 
salts. Hence, this origin for the pigment 
appeared to be unlikely. A mummy with 
apparent arthritic symptoms and black 
pigment accumulation was available to 
us, and we have therefore carried out 
chemical studies to ascertain whether 
the pigment is related to homogentisic 

acid. This report is believed by us to be 
the first documentation by modern bio- 
chemical methods of a genetic disease in 
early civilized man. 

The mummy Harwa served as a custo- 
dian of a granary in Egypt at approxi- 
mately 1500 B.C. His cause of death is 
unknown. Roentgenograms suggest that 
he was in his early thirties. As is usual 
with many bodies in ancient Egypt, the 
internal organs were removed prior to 
mummification. For the past 60 years 
the mummy has been exhibited in the 
Field Museum of Natural History in 
Chicago. It was lent for study to North- 
western University Medical School. 

The body was in a good state of pres- 
ervation with only the face exposed. 
Roentgenograms of the entire body re- 
vealed extensive calcification in all of the 
intervertebral discs without secondary 
arthritic features (Fig. 1). Articular nar- 
rowing was present in both hip joints and 
both knee joints. With the use of fluoro- 
scopic control with a Steinman pin, a 
percutaneous Craig needle biopsy of the 
right hip was performed. 

The tissue obtained was two com- 

ISI 
Fig. 1. (A) Lateral roentgenogram of thoracolumbar spine demonstrating calcification of each 
intervertebral disc. (B) Anterioposterior roentgenogram of the legs showing marked joint space 
narrowing at the knees bilaterally. 
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pacted cores of dry bone. It was ob- 
served that in the portion of the biopsy 
that represented the articular surfaces of 
the acetabulum and femoral head, there 
were two black zones of a millimeter in 
width. These parallel zones were present 
in each of the two biopsy cores. These 
findings would lead, in the moderm 
patient, to the diagnosis of ochronosis. 

A core of Harwa's pelvic bone, weigh- 
ing 489 mg and containing the black pig- 
ment and articular surface, was dis- 
sected with a scalpel to remove 11 mg of 
the most heavily pigmented region. An 
unpigmented section of the same biopsy 
core and the articular region of another 
mummified bone of unknown origin, but 
free of any evidence of disease or black 
pigment, served as controls. The bone 
shavings were added to 2 ml of 0. IN 
NaOH to dissolve any homogentisic acid 
or pigment. The pigmented bone suspen- 
sion became a deep amber, whereas the 
two control sample suspensions re- 
mained pale yellow or clear. The suspen- 
sions were centrifuged to remove the in- 
soluble material, and the supernatants 
were acidified to pH 1 with IN H2SO4. 
The amber solution became cloudy as a 
precipitate developed. However, the 
dark pigment remained in so!h,tion. 

The acidified supernatant was extract- 
ed with an equal volume of n-butanol, 
and most of the amber color was extract- 
ed into the organic phase. The phases 
were separated after 30 minutes. Ul- 
traviolet and visible range spectra were 
determined directly on the butanol solu- 
tions. The n-butanol solutions were 
evaporated to dryness, and the dried pig- 
ment served as the starting material for 
other studies. 

Homogentisic acid was polymerized 
by the method of Milch et al. (3). Ho- 
mogentisic acid (Sigma, H-0751, grade 
II; molecular weight of the free acid was 
168.1) was dissolved in O.1N NaOH (1 
mglml), and oxygen was bubbled 
through the solution. The solution be- 
came dark amber in color. When color 
development appeared to cease, the so- 
lution was either acidified to pH 1 with 
6N HCl or treated with an equal volume 
of glacial acetic acid. The dark-brown 
pigment remained in solution both at 
room temperature and at 0?C. The pig- 
ment could be readily extracted from the 
acidic aqueous solution into an equal 
volume of n-butanol, but not into meth- 
ylene chloride, benzene, or diethyl 
ether. The n-butanol extract was taken 
to dryness at 40?C on a Buchler Evapo- 
Mix. The dried residue, a synthetic 
"ochronotic" pigment, was used for 
comparison with- the pigment obtained 
from Harwa's affected cartilage. 

Gel filtration experiments were carried 
out with Bio-Gel P-2 (Bio-Rad, exclusion 
limit -1800) and the pigment was dis- 
solved in 0.025M triethylammonium-bi- 
carbonate buffer, pH 8.5. Columns were 
monitored at 270 nm. 

Infrared spectra were recorded with a 
Perkin-Elmer 237 B grating infrared 
spectrophotometer. The pigment, natu- 
ral or synthetic, was dissolved in diethyl 
ether and then cast as a thin film on an 
NaCl window by evaporation of the 
ether solution. 

The synthetic pigment was soluble in 
aqueous triethylammonium-bicarbonate 
buffer at pH 8.5, and in this solvent was 
excluded on Bio-Gel P-2. Homogentisic 
acid has a molecular weight of 168, and 

the column exclusion limit is - 1800; 
thus, it is clear that the oxidized homo- 
gentisic acid had undergone extensive 
polymerization. Many phenols are oxi- 
dized to dimeric and polymeric products 
by abstraction of a hydrogen atom from 
the phenol and coupling via carbon-car- 
bon bonds, exclusively at positions or- 
tho- and para- to the hydroxyl group (4). 
Hydroquinones, including homogentisic 
acid, are readily oxidized to semi- 
quinones, which can then add nucle- 
ophiles-such as hydroxyl anions, 
amines, or phenolates-to yield hydro- 
quinones, aminoquinones, or polymeric 
"humic-acid" products. This type of re- 
action apparently occurred in the alka- 
line oxygenated homogentisic acid solu- 
tion to produce the polymeric product. 
The polymer was readily extracted into 
n-butanol from the aqueous phase after 
acidification with sulfuric acid. 

The dark pigment in the mummy carti- 
lage was also extractable from the tissue 
with aqueous alkaline solutions and 
could be extracted from that aqueous so- 
lution into n-butanol after acidification in 
a like manner. Bio-Gel P-2 chromatog- 
raphy of the mummy pigment, in tri- 
ethylammonium-bicarbonate solution 
(pH 8.5), also yielded the extracted pig- 
ment in the column void volume. 

The ultraviolet spectrum of the syn- 
thetic pigment and that of the extracted 
pigment are compared in Fig. 2. These 
spectra are virtually identical, and each 
has an absorbance maximum at 270 nm. 
Under the same conditions unpolymer- 
ized homogentisic acid has a very dif- 
ferent spectrum. 

The infrared spectra of the synthetic 
and extracted miLments are also similar. 
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if not identical (Fig. 3). The spectra show 
absorbances at 2800 to 3000 cm-' and at 
1465 cm-t characteristic of methylene 
groups (-CH2-), and at -1720 cm-t, 
characteristic of six- and seven-mem- 
bered ring ketones, as is expected for an 
oxidized homogentisic acid polymer. 

The synthetic and extracted pigments 
were stable to acid hydrolysis. Hydroly- 
sis of the extracted pigment, in 6N HCl 
at 1 100C for 20 hours, did not yield any 
nitrogenous ninhydrin-reactive com- 
ponents. Amino acid analysis of the ex- 
tracted bone, on the other hand, showed 
that the bone matrix was typically colla- 
genous. The infrared spectrum of the ex- 
tracted pigments did not contain any ab- 
sorption bands that could be attributed 
to amino acid or peptide components. It 
has been suggested that ochronotic pig- 
ment is covalently associated with pro- 
tein or proteoglycan components of the 
connective tissue (5). The pigment iso- 
lated in the articular cartilage of Harwa, 
however, was readily extractable in di- 
lute alkali and, as indicated above, was 
free of protein or amino acid com- 
ponents. 

Normal human skin and cartilage con- 
tain metalloenzymes, homogentisic acid 
polyphenol oxidases, which appear to be 
responsible for the oxidation of accumu- 
lated homogentisic acid not normally 
metabolized. However, neither the 
chemical nature of the extract of the 
ochronotic pigment nor the mechanism 
of its biosynthesis is known. We have 
not, therefore, attempted a more com- 
plete characterization of either the syn- 
thetic or extracted pigments. 

However, the above data show that 
the solubility and properties of the 
spectra of the extracted pigment from 
Harwa's cartilage are nearly identical 
with those of the synthetic pigment pro- 
duced from the oxidative polymerization 
of homogentisic acid. We can thus con- 
clude that the black pigment found in 
Harwa's joints and bones was derived 
from homogentisic acid and that Harwa, 
living at about 1500 B.C., suffered from 
the heritable disorder of ochronosis. The 
common observation of black pigments 
in Egyptian mummy cartilages suggests 
that this autosomal recessive disorder 
was of frequent occurTence in ancient 
Egypt, probably a result of frequent in- 
trafamilial marriage. 
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Mechanically Induced Wall Appositions of Plant Cells Can 
Prevent Penetration by a Parasitic Fungus 

Abstract. Localized, paramural wall appositions resembling appositions common- 
ly induced by fungal attack, were induced in kohlrabi (Brassica oleracea L. gong- 
yloides) by mechanical wounding (bending) of the root hairs before the hairs were 
inoculated with zoospores of a compatible parasitic fungus. The appositions were 
effective in preventing fungal penetration at the wound sites, which shows that wall 
appositions can prevent fungal ingress into plant cells. 

All living tissues respond character- 
istically to wounding. Plant tissues may 
respond morphologically by producing 
new cells and modifying existing cells at 
the periphery of the injured region, 
thereby containing the damage. The ac- 
companying metabolic changes include 
increased respiration and altered pheno- 
lic and protein metabolism. Because 
these and other wound-healing re- 
sponses closely resemble plant disease- 
resistance reactions, it is widely held 
that wound healing is a major disease-re- 
sistance mechanism (1). 

Individual plant cells rapidly respond 
to both wounding and fungal attack by 
accumulating a mass of seething cy- 
toplasm (cytoplasmic aggregate) at the 
site and depositing localized, amor- 
phous, heterogeneous masses of materi- 
als paramurally-between their plasma- 
lemmas and cell walls (2). The paramural 
depositions were termed wall apposi- 
tions (3) and were postulated to operate 
as a defense mechanism against fungal 
ingress, although the evidence is not 
conclusive (2). By mechanically inducing 
wall appositions before inoculation and 
determining whether or not a fungus can 
penetrate them, I have obtained evi- 
dence that this widespread plant cell re- 
action can prevent fungal penetration. 

The parasitic fungus Olpidium bras- 
sicae (Wor.) Dang. was maintained in 
roots of Brassica oleracea L. gong- 
yloides, kohlrabi, as described pre- 
viously (4). Zoospores of this fungus en- 
cyst on root hairs and initiate penetration 
2.25 hours later by means of penetration 
tubes which grow through the cell walls 
into the host cells. The parasite proto- 

plasts are then injected through the tubes 
into the host cytoplasm. Each cyst re- 
quires about 15 minutes to penetrate, 
and a synchronized population of cysts 
will normally complete penetration be- 
tween 2.5 and 3.0 hours after in- 
oculation. Host cytoplasmic aggregates 
and wall appositions are always associat- 
ed with penetrations, and most apposi- 
tions are initiated after the penetration 
tubes are fully extended (4). 

Wall apposition formation was in- 
duced mechanically in hydroponically 
cultured kohlrabi seedlings (4). The 
seedlings were first taken from their 
growth-supporting salt solution and sus- 
pended in a moist chamber. Fluids ad- 
hering to the root axes bent the hairs 
near their bases and held them flat 
against the roots. Localized wall apposi- 
tions (Fig. IA) were deposited by cy- 
toplasmic aggregates (4) along creases 
(wounds) in the walls where the hairs 
were bent. Thirty minutes later the roots 
were returned to the solution for an addi- 
tional 30 minutes; deposition continued 
even though the root hairs straightened 
out in the solution. This procedure was 
then repeated with the roots of each 
seedling receiving a final incubation of 60 
minutes in the solution, to ensure both a 
high frequency of well-formed apposi- 
tions and complete termination of cy- 
toplasmic aggregates before the next 
step. Some roots were then inoculated 
immediately with a suspension of 0. 
brassicae zoospores (4), while others 
were heat-shocked at 41'C for 20 min- 
utes (5) and then inoculated. Heat- 
shocking was done to inhibit new apposi- 
tion formation (5) in response to pene- 
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