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The delineation of cystinuria into two types,
'recessive' and 'incompletely recessive', according to
a differential expression of the gene defect in carriers
by urinary parameters (Harris et al., 1955a, b), has
been further refined into three forms by including
in phenotype analysis evidence for heterogeneity
(Rosenberg, 1966; Rosenberg et al., 1966) of the
accompanying intestinal transport defect in stone
formers (Asatoor et al., 1962; Milne et al., 1961).
Thus, the 'recessive' of Harris resembles the Type I
form of Rosenberg, in which the stone formers lack
active transport systems in the gut for cystine and
the basic amino acids, and the carriers excrete
normal amounts of these amino acids; the 'incom-
plete recessives' fall into either Type III without
the intestinal defect in the stone formers and with
intermediate levels ofexcess excretion by the carriers,
or into Type II with a partial transport defect and
with grosser excretory excesses by the carriers.
Our report describes the amino acid excretion of

35 members of three cystinuric families*, attempts
to classify the gene defects by urinary parameters
only, and evaluates the excretion of the disulphide,
cysteine-homocysteine (Frimpter, 1961, 1963), as
a key to the carrier state.

Materials and Methods
Urine samples were collected with refrigeration

and HC1 as preservatives, from 2 stone formers and
20 non-stone formers in 4 generations of Family
M (Fig. 1); from 2 stone formers and 6 non-stone
formers in 3 generations of Family BF; and from 1
stone former and 4 non-stone formers in 2 generations
of Family F. The stone formers were young adults
between the ages of 18 and 34 years, who were recog-
nized as cystinurics while in their teens. All but
F II. 1 had undergone operations for stone at least once
and were receiving low methionine diets and penicil-
lamine. None were in renal failure at the time of sampl-
ing; all but M III. 2 were relatively well and functional
between attacks.
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They were screened for abnormalities in cystine meta-
bolism by nitroprusside (Brand, Harris, and Biloon,
1930) and one-dimensional paper chromatography
(Efron et al., 1964; Scriver, Davies, and Cullen, 1964)
of 5 ml. and 10A aliquots, respectively. The daily
excretory rates of pertinent amino acids and disulphides
were calculated from quantitative assays of 0 5 ml. ali-
quots of the samples in a Beckman 1200 C. analyser,
after a schedule for physiological samples (Beckman
Spinco), with the exceptions that buffer of pH 3-21
was used on the 58 cm. column to separate cystine from
valine, and the buffer change to pH 4-25 was delayed
40 minutes to allow for resolution of the penicillamine
disulphides. In samples with incomplete resolution of
the disulphide, cysteine-homocysteine, from leucine,
the peaks were separated in a rechromatography, with the
buffer change postponed for an additional 150 minutes.

Urine samples interpreted as containing excess cystine
by the nitroprusside reaction were later found by column
chromatography to have cystine concentrations of at
least 40 mg./g. Cr. Estimates by paper chromato-
graphy of excess cystine, lysine, and arginine excretion
were semiquantitative, in that the ninhydrin densities
were compared with those of a series of solutions of
known amino acid concentration developed simul-
taneously; the excretion rates were considered excessive
if they were greater than those estimated from similar
paper chromatograms of 24-hour urine samples from 9
normal children, aged 3 to 13 years, and from 10 normal
adults. Excretory rates of the specific amino acids
calculated from quantitative column chromatography
were considered in excess if they were greater than
previously published rates for adults and children under
16 years (Kennedy, Shih, and Rowland, 1965).
The amino acids were identified as peaks in column

chromatograms with elution schedules coincident with
those of amino acids in normal urine (Beckman Spinco),
in the Beckman Amino Acid Calibration Mixture, Type
1, or of known amino acids chromatographed under
comparable column conditions. A few were identified
by their additive effects on chromatograms of pre-
viously analysed urine samples enriched with known
amino acids. The disulphides, cysteine-homocysteine,
dipenicillamine, and penicillamine-cysteine were identi-
fied as peaks with coincident elution schedules or with
additive effects in urine, when compared with those of
solutions of the component amino acids converted to the
disulphides during 4 hours at room temperature, with
hydrogen ion concentrations adjusted to pH 8-0 with
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* Patients' samples, histories, and diagnoses were made available
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FIG. 1. Cystinuria genotypes in the M and BF families by pedigree and amino acid excretion.

sodium hydroxide before chromatography (Frimpter,
1961; Stein and Moore, 1954). Cysteine-homocysteine
was further distinguished by its greater 440:570 mjL
absorption ratio (Frimpter, 1961), and by its disap-
pearance from chromatograms of samples oxidized with
performic acid (Bartter et al., 1965; Schram, Moore, and
Bigwood, 1954).

Results

That the stone formers excreted excessive
amounts of cystine and the basic amino acids was
clear from nitroprusside reactions, paper chromato-
graphy, and column chromatography. Six non-
stone formers also had nitroprusside-reacting urine,
five from Family M and one from Family BF,
verified in five as due primarily to cystine excess by
paper and column chromatography. One child
with nitroprusside-reacting urine, M IV. 1, ex-
creted normal amounts of cystine and the basic
amino acids and was excluded here as a carrier.
Two additional non-stone formers of Family M
(Fig. 1) excreted cystine in excess, determined by
column chromatography. The cystinuria of the
seven non-stone formers was accompanied by exces-
sive excretion of the basic amino acids, demon-
strable in all by column chromatography and, in
three, by paper chromatography.
The degree of excessive urinary excretion of

cystine and the basic amino acids in the six non-
stone formers of the M family was in the 'inter-
mediate' range (Rosenberg et al., 1966) (Table I)

and suggests that they are carriers of the Type III
'incompletely recessive' form. Conversely, the
failure to detect these excesses in the non-stone
formers of Family F (Table II), including the only
living parent, concurs with interpretation of the
disease in this family as typical of the Type I
'recessive' form (Rosenberg et al., 1966), and pre-
vents the identification of carriers among sibs by
these urinary parameters alone. The normal excre-
tion of these amino acids by BF I. 2 and the inter-
mediate levels of excessive excretion by BF I. 1
suggest that the parents in Family BF (Table III)
are carriers of the Type I 'recessive' and the Type
III 'incompletely recessive' forms, respectively, and
that the two stone-forming sons are 'doubly hetero-
zygous' (Rosenberg, 1966). Consequently, the
identification of the carrier state in the sib, BF II. 3,
and her offspring, BF III. 1, 2, and 3, by these
urinary parameters alone is as uncertain as it is in
sibs of the F family, except for the knowledge that
they are apparently not carrying the Type III form.
The disulphide, cysteine-homocysteine, was ex-

creted by all the stone formers (Frimpter, 1961,
1963) and, in greater than trace amounts (>25
mg./day), by six of the seven Type III carriers and
by a non-cystinuric male construction worker of
Family M, III. 4. None of the F family, save the
stone former, excreted the disulphide in more than
trace amounts. Less than 2.5 mg./day was

.chosen as within the normal range of excretion,
since the two non-cystinuric unrelated spouses in

- Homozygote
= Heterozvaote bY oediaree
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TABLE I
AMINO ACID EXCRETION RATES IN M FAMILY

(mg./24 hr.)

Geea1N.SxadAe(r)qs y ri riCvsul -lm-Homo- Homo-H Penicil- Dipeni- Cysta-Geone o eadg y. y ri ri-Ct ctrl Hoo~ cystirnke- lamine- cil- thio-nonera- ti.iiexandAge(yr-) une ! sine nine thine line cline cystine cyateine cysteine lamine nine
I1 M 78 200 216 15 146 2-0 Trace Trace 52 - - 4-8

2 F 68 13 4-2 2-0 1-2 Trace Trace 1-2 - Trace - - 35
II IM 51 54 101 421 4-6 6-1 9-2 3-2 4-5 -

2 F 50 52 102 4-1 2-7 Trace 3-5 Trace Trace 3-0 - - 5-3
3 M 34 19 30 4-2 6-1 7-7 16 Trace - Trace - - 9 3
4 F 28 19 74 2-6 3-5 - 14 4-3 Trace 1-6 - - 7 8
5 M 48 15 38 Trace 3-0 3-7 Trace - - - - 5-8
6 Not tested
1 M 30 7-6 23 5-7 3-3 Trace Trace Trace - 2-3 - - 3-8
2 F 29 a) 155 950 654 333 Trace * 6-1 - a) 32 837 337 t

b) 422 1688 603 463 Trace * Trace - b) 49 395 27
c) 110 1187 592 181 Trace * Trace - c) 36 720 118

3,M 25 124 404 18 15 5-8 11 5-1 Trace 14 1 - 15
4 M 29 33 79 5-7 3-6 1-3 6-0 4-6 6-2 15 - - 7-7
5 M 18 a) 513 4870 433 1032 Trace * 6-7 a) 117 980 337 t

b) 387 1498 756 301 2-1 * 3-4 23 b) 205 24 5 4 3 2
6 M 9 6-7 15 7-0 2-9 - 5-8 Trace Trace - - - 4 8
7 M 4 19 32 3-2 1-6 2-2 3-7 Trace - Trace - - 0 8
8 F 5 7-1 59 3-2 1-7 2-9 7-0 1-2 1-2 0-7 - - 3'1
9 F 8 4-8 8-9 Trace 0-1 Trace 6-8 0-9 Trace 0-6 - - 3 1

IV 1 M 6 13 73 2-2 2-2 Trace Trace Trace - 1-5 - - 1.1
2 M 10 39 228 12 11 5-2 - Trace Trace 3-7 - - 1-8
3 F 8 134 349 14 23 2-3 4-9 Trace - 7-3 - 3,5
4 F 3 3-8 12 1-8 1-9 Trace 2-1 1-4 Trace Trace - - 23
5 M 6 7-0 9-6 421 1-3 _ 3-5 1-5 Trace TraceI - - 0 5
6 M 8 4-0 9-9 0-7 131 24 1-2 Trace Trace -_26

* Interference by penicillamine-cysteine.
t Interference by penicillamine disulphide.

TABLE II
AMINO ACID EXCRETION RATES IN F FAMILY

(mg./24 hr.)

- _____ - ______ - 1~~~omo-Homo
G eon No. Sex and Age (yr.) Cysaine Lysine Arginine Ornithine Ciurul- cydn-Homo Hosmne cysone- thionianon line ~~~~~~~~~~~~~~~~~~~~~~linecysteinecsiecam-tinn

I 1 F 45 11 18 2-4 2-1 Trace 7-5 Trace - 1-1 4-0
II 1I M 23 205 837 513 116 5-0 Trace - Trace 20 19

2 F 15 7-6 27 5-1 2-2 - 2-9 1-1 - Trace 3-7
3 F 22 7-4 41 5-0 3-3 Trace 5.0 1-1 - - 4-0
4 M 10 5-9 60 5-7 2-2 Trace 3-0 Trace - Trace 3-1

TABLE III
AMINO ACID EXCRETION RATES IN BF FAMILY

(mg./24 hr.)

Homo-Hoo Peii Dpn-CsaGenera- NoCexadAg yyr)s- Ly Ari Ori Citru-cirl- Homo- Homo-Ho -Peci-Dpn-Cs-tiona No. Sex andAge (yr.)tine- sine nine thine Cne citrul- cysteine cystine cystine- lamine- cii- thio-e aine nine thine line ~line cyatieca siyteine cysteine lamnine nine

I I M 64 88 166 9 0 9-2 3-7 9 3 2-4 - 13 - -' 13
2 F 60 31 81 3-5 3-8 Trace 8-2 2-3 - 20 - 45II 1 M 26 164 2326 508 331 Trace * 79 Trace 17 346 183 t
2 M 34 285 2434 1065 557 8-3 * 10 Trace 19 891 652 t3 F 36 22 45 2-2 Trace - - - - Trace - - 13III 1 M 10 12 9-3 1-1 1-3 - 3-0 1-5 - 1-0 - - 4-3
2 M 6 7-2 19 2-9 0-8 Trace - Trace - Trace - - 3-9

13 F 9 0-3 4-2 1-4 0-8 - 3-7 Trace - Trace - - 3 6

* Interference by penicillamine-cysteine.
t Interference by penicillamine disulphide.

the M family, as well as the other non-cystinurics his minimal degree of cystinuria, as the excretion
in the three families studied, excreted no more than rate of the mixed disulphide by the carriers ap-
that amount. Its slight excretion by one of the proached a direct relation with that of cystine when
Type III carriers, M IV. 2, may be associated with excretion rates of cystine were less than 200 mg./day
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Similarly, the excretion of homocitrulline fol-
lowed no discernible pattern in cystinuria pheno-
types, nor was there a clear relation to sex. Age
may have been a variable, as the younger children
in families (all 3 years old or older) excreted the
leastamounts.

Discussion
Excretion of the disulphide, cysteine-homo-

mg./day cysteine, by non-stone formers with cystinuria adds
another dimension to our interpretations of cysti-
nuric phenotypes. Its excretion is consistent with
the finding in cystinurics of high clearance ratios for
cystine (Crawhall et al., 1967) and the mixed disul-
phide (Frimpter, 1963), and with its interpretation

20 30 40 50 as involving a renal tubular defect of cysteine secre-
H-C tion (Frimpter et al., 1962), if other SH-containing

cystine and its mixed disulphidewith monomers, such as homocysteine, share the cellular
'ype III cystinuria. mechanisms. Thus, the partial defect in carriers

of the Type III form, known heretofore to be
relation did not hold for the expressed by intermediate levels of cystine and basic

by stone formers, as has been amino acid excretory excesses, may also be reflected
mpter, 1963). in the excretion of the mixed disulphide, whether of

dphide and penicillamine- in vitro or in vivo origin. Its excretion by the non-
d by the four stone formers cystinuric, M III. 4, is a puzzle: is it a more sensi-

ables I and III). The former tive key to the Type III carrier state or is it of

of cystathionine in our elution dietary origin as described by Frimpter (1963)?

e former not receiving penicil- His two normal children and vigorous occupation

^eted cystathionine in smaller lend support to the latter. Conversely, its trace

st of the non-stone formers. excretions by F I. 1 and BF I. 2 are consistent with

'or homocystine were excreted Type I defects in these two apparent carriers (Rosen-
aounts (>40 mg./day) by the berg et al., 1966; Thier et al., 1964; Foley and

:eiving penicillamine; F II.l's London, 1965; McCarthy et al., 1964),if they in-

lay have been a function of a clude defects in the transfer of disulphides, as well
3uria, though complex forma- (Frimpter, 1963; Spencer, Brody, and Mautner,
highly alkaline urine was also 1965). Thus, the excretion pattern and defects in

transport of the homogeneous disulphide, cystine,
to citrulline and homocitrul- in Type I carriers (Rosenberg,Crawhall, and Segal,
ion of their excretion by Type 1967) might well be accompanied by similar patterns
Dnversion by colonic bacteria and defects for the mixed disulphide.
ir et al., 1962; Milne, London, The failure of cystinurics to excrete excess citrul-

and lysine (Ryan and Wells, line (Milne et al., 1962; Dent and Rose, 1951;

Lot absorbed by jejunum, the Visakorpi, 1962) and homocitrulline, in spite of

sport defects. apparent Type I defects, may be related to the com-
was excreted in greater than plexity of the biochemical lesions of cystinuria.
ng./day) by the stone former While the nature of the intestinal defect has been

(one from the BF family, who well formulated (Rosenberg, 1966; Milne et al.,
d Type I-III defects, respec- 1961; Dent and Rose, 1951) and presently free of
nts were excreted by three challenge, the renal defect has been arrived at
non-carrier of the M family. largely by indirection, of necessity, and is subject,
eir consequent differences in therefore, to controversy (Crawhall and Thompson,
bits, may have played a role 1965; Rosenberg, Durant, and Holland, 1965).

ree or type of cystinuria, since Thus, the fate of citrulline and homocitrulline may

ren of the series excreted only be masked by the larger problem of what is the

lless of cystinuria phenotype. renal defect of cystinuria.
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Summary
Carriers of cystinuria were identified in three

families, and the diseases were classified by urinary
parameters as probable Type I, Type III, and mixed
Type I-III.
The gene defect in the Type III family was

traced biochemically through four generations.
The excretion rate of the disulphide, cysteine-

homocysteine, was added to criteria for the carrier
state of the Types I and III forms. Citrulline and
homocitrulline excretion rates did not help dis-
tinguish the phenotypes.
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