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SYNOPSIS The factors determining aggregation of Tamm-Horsfall urinary mucoprotein have been
examined using the technique of light-scattering photometry, which has allowed the study to be
performed at the concentrations of the mucoprotein in which it occurs in the urine in vivo.
The tendency to formation of aggregates is enhanced by increases in concentration of the

mucoprotein, by increases in electrolyte concentration within physiological limits, and by lowering
of the pH within the physiological range. The effects of 1:2 and 2:1 electrolytes are somewhat
different from those of 1 :1 electrolytes. The data suggest that the isoelectric point of Tamm-Horsfall
protein is higher than previously thought.

Neither the physiological significance nor the patho-
genetic potentiality of the urinary mucoprotein
described originally by Tamm and Horsfall (1950)
have as yet been evaluated. It has been suggested that
it is a phylogenetic relic of an avian or reptilian
ancestor faced with the necessity of extruding a
solid excretory product from the renal tract
(Longley, Burtner, and Monis, 1963). A protective
action based on its rheological properties (Bettel-
heim, 1963) would be in conformity with the ubiqui-
tous occurrence of mucus at epithelial surfaces. The
viral inhibitory properties which led to its first
characterization by microbiologists seem to be of
little practical importance, and the protective effect
does not appear to extend to bacteria (McKenzie and
McQueen, unpublished observations).
However, the mucoprotein does appear to be the

principal constituent of urinary casts (McQueen,
1962), and may thus well be of some importance in
renal disease. Urinary mucoprotein may also be a
factor in the pathogenesis of acute renal failure
(Patel, McKenzie, and McQueen, 1964). The ap-
pearance of casts in the urine after strenuous exercise
has been shown to correlate well with the concentra-
tion of Tamm-Horsfall mucoprotein (Patel, 1964),
suggesting that casts are formed from the muco-
protein when it becomes sufficiently concentrated in
the renal tubules to agglutinate into formed masses.
Tamm and Horsfall (1950) utilized the propensity

of inorganic ions for producing aggregation of the
mucoprotein to precipitate the material from urine.
Received for publication 23 October 1965.

They found that it could be isolated from urine
almost quantitatively by adding sodium chloride to
0-58 molar concentration. The extensive study of
Curtain (1953) showed additionally thatpH affected
solubility. Decrease in pH was associated with
decreased solubility (and increased viscosity) at a
given ionic strength. However, the Tamm-Horsfall
mucoprotein concentrations employed in his study
were well above those ever likely to be attained in
vivo.

It was, therefore, decided to perform some studies
on the conditions under which aggregation ofTamm-
Horsfall mucoprotein occurs in physiological con-
centration using the technique of light-scattering
photometry (cf. Maxfield, 1959).

METHODS

A Brice-Phoenix light-scattering photometer (model
2000D) was used. This is a dual photomultiplier photo-
meter and was arranged so that one photometer tube
received light scattered at an angle of 450 from the inci-
dent beam (of wavelength 546 m,A). The other photo-
meter tube received directly transmitted light. A com-
bination of filters enabled satisfactory readings to be
obtained by suitable adjustment of the photomultiplier
gain controls. Readings were recorded on a Sargent
model GRL pen recorder using a logarithmic scale.
Tamm-Horsfall mucoprotein was prepared from

normal urine by precipitation with sodium chloride at a
concentration of 0 58 molar. The precipitate was dis-
solved in distilled water and centrifuged at 1,750 r.p.m.
for 30 minutes to remove any formed elements. This pro-
cess was repeated twice. The final solution was dialysed
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in the cold against a large volume of distilled water until
no further chloride ions could be demonstrated in the
solution. The Tamm-Horsfall mucoprotein was then con-
centrated by negative-pressure dialysis, and its concen-
tration measured by dry-weight estimation. Dry weight
(per unit weight of solution) was estimated by drying in
vacuo over phosphorus pentoxide until a constant weight
was achieved.
Tamm-Horsfall mucoprotein in a range of concentra-

tion of from 0 01 to 0-08 mg./ml. in either a Sorensen's
phosphate or in some instances a Walpole's acetate buffer
of appropriate pH (Documenta Geigy, 1962) was placed
in a semi-octagonal cell in the light path and agitated
by a magnetic stirrer. Tamm-Horsfall mucoprotein
tended to aggregate at the lower pH levels without addi-
tion of further ions when buffer solutions of the usual
strengths (M/15 in the case of Sorensen's, and M/5 for
Walpole's) were used. These were therefore further
diluted to a concentration of M/75 in the case of Soren-
sen's phosphate buffer and M/25 in the case of Walpole's
acetate buffer.

Baseline records of scattered light at 450 and of
transmitted light were obtained. A 2-5 molar solution of
NaCl (or other electrolyte of suitable ionic strength) in
corresponding buffer was then injected into the cell at a
rate, which was constant for the experiment, of between
0-25 and 0 30 ml./min. This was achieved by passing a
thin polythene tube through a small hole in the photo-
meter casing from a pump outside.
A relatively sudden and progressive increase in

intensity of scattered light indicated the commencement
of aggregation of Tamm-Horsfall mucoprotein. The
ionic strength contributed by the electrolyte added to that
point could be calculated from the flow rate and time
elapsed and checked by weight. When the increase in
light scattering had become fully developed the intensity
of transmitted light could be seen to be diminished, but
the effect on transmitted light was a much less sensitive
index of aggregation. Increase in light scattering at 45°
could not be consistently observed at concentrations
below 0-008 mg./ml.

RESULTS

EFFECT OF ADDITION OF NaCl AND OF pH This is
shown in Fig. 1 for four solutions of approximately
the same concentration of Tamm-Horsfall muco-
protein in buffer solutions which before dilution were
pH 5, 6, 7, and 8. To these solutions 2 5 molar NaCl
solution in the same buffer was added via the poly-
thene tubing from the pump outside the photometer
casing. Both the initial dilution and subsequent addi-

pH before Dilution
(M/15 Buffer)

50

6-0
7-0
8-0

TABLE I
pH after Dilution
(M/75 Buffer)

5--.
6-2
7-2
7-9

pH at Aggregation
Point

5-2 0-1
5-9 ± 0-1
6-9 ± 0-1
7-6 ± 0-1

initial
ipH

- 5.4

6.2

7.2

7.9

i" I I I- I I

5 4 3 2 1 0
start

TIME IN MINUTES
FIG. 1 Records of scattered light at 450 for Tamm-
Horsfall mucoprotein solutions of approximately the same
concentration atfourpH levels (phosphate buffer). Addition
of2-5M NaCI commenced at 0. Recordings move right to
left.

tion of the relatively concentrated electrolyte solu-
tion modified the pH to a small extent. These effects
are shown in Table I.

It can be seen in Fig. 1 that there was a relatively
sharp increase in light scattering indicating that
Tamm-Horsfall mucoprotein aggregated after the
addition of amounts of NaCl which were progressive-
ly less with decreasing pH. The results obtained in
this manner for a range of Tamm-Horsfall muco-
protein concentrations varying from 001 to 008
mg./ml. are shown in Figure 2. Lines of best fit have
been drawn for each pH level. It can be seen that, as
might be expected, aggregation occurred at progres-
sively lower ionic strength with increasing concentra-
tion of mucoprotein. Similarly the lower the pH
within the range approximately 5-8, i.e., the physio-
logical range of urinary pH, the lower the ionic
strength necessary to produce aggregation.
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pH at precipitation

O pH 7-6
* pH 6 9
X pH 5S9
A pH 5 2

II- 43 A N17Na

0 No rise in light scattering I

0 05 0 10 ol15 0 20 0125 0-30 O DS 0 4
Ionic Strength

The data from Fig. 2 have been plotted again in
Figure 3. The curves in Fig. 3 appear to be con-
verging on a point of minimum solubility at about
pH 4X8 which would seem likely to be the isoelectric
point of the protein (Tanford, 1961).
The observations on the effects of pH were

extended to a lower pH range by use of acetic acid-
acetate buffer (M/25). The effects of addition of
2X5 M NcCl to urinary mucoprotein solutions of
similar concentrations at initial pH levels 4X8, 4-4,
4-2, 4 0, 3X8, and 3-6 are shown in Figure 4. The rise
in baseline occurred at progressively shorter inter-

0

FIG. 2 Occurrence of aggregation in solutions of Tamm-
Horsfall mucoprotein of varying concentration (mg./ml.) at
four different pH levels (see Table 1), the concentration
plotted against ionic strength contributed by buffer and
added NaCl.

) 0*01

0.02 vvt- 3-8

004 36

0-06
0 08

4
3tafrt

TIME IN MINUTES

FIG. 4 Records as for Fig. I at lower pH range (acetate
buffer).

5

FiG. 3 Data from Fig. 2 replo,
graphs towards isoelectric poin,

vals. However, at the same time the degree of increase
I in light scattering concomitantly diminished with

6 7 8 falling pH, and, at pH 4-0, light scattering was not
pH increased. Below pH 4-0 light scattering actually
tted to show convergence of diminished with the addition of the 2-5 M NacCI. It
t. would seem that at pH levels below 5-0, although
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x = (NH4)2S04
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I
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aggregation of Tamm-Horsfall mucoprotein occurs
with the addition of smaller amounts of NacCl, the
solubility of the product progressively increases, and
this is in conformity with the previous experiment,
suggesting an isoelectric point at about 4 8.
The effects of adding electrolytes other than NaCl

and also urea are shown in Fig. 5 for two pH levels,
5-9 (upper) and 7 6 (lower), expressed in terms both
of ionic strength (left) and molarity (right).

Substitution of KCl for NaCl as the added electro-
lyte led to aggregation of Tamm-Horsfall muco-
protein at electrolyte concentrations not significantly
different from those which would have been antici-
pated with NaCl. With 1:2 and 2:1 electrolytes, how-
ever, there was a considerable divergence from the
curves for the 1 :1 electrolytes in terms both of ionic
strength and molarity. With Na2SO4 at pH 5 9 and
7-6 and with (NH4)AS04 at 5-9 (the higher pH could
not be attained without increasing buffer strength)
aggregation occurred at a molar concentration
somewhat less, and an ionic strength somewhat
more, than with the 1 :1 electrolytes. With the 1 :1
electrolytes at pH 5 9 aggregation plotted against
activity (equation of Guntelberg, 1926) gives a
straight line relationship. With Na2SO4 and
(NH4)2S04, correspondence in terms of activity
again was not close but it would seem that with these
salts the findings are consistent with an activity rela-
tionship. The magnesium ion, however, seems to
have a specific effect in causing aggregation at much
lower concentrations.

FIG. 5 Curves show
relationship between
Tamm-Horsfall muco-
protein concentration
and ionic strength (left)
or molarity (right) at
two pH levels (5 9
upper curves, 7-6 lower
curves) with NaCI as
the added electrolyte,
for comparison with
aggregation points for
other electrolytes and
for solutions containing
2% urea.

014 018 022 026 030

Urea appeared to have no effect in promoting
Tamm-Horsfall mucoprotein aggregation. In fact
the tendency with addition of urea to the electrolyte
under study was in the reverse direction. The effects
of adding 2% urea to both the Tamm-Horsfall solu-
tion and added NaCl can be seen in Figure 5 (lower
left). Aggregation occurred in each instance when the
ionic strength (due to the added NaCl) was slightly
higher than in the absence of urea. Total molarity
for the solutions with this concentration of urea is
approximately 0-25 and is off the corresponding
graph (lower right). The effect of adding mannitol
was also found in other experiments to be insigni-
ficant.
The effect of the presence of human serum

albumin on aggregation of Tamm-Horsfall muco-
protein was to stabilize the solution, and to retard
somewhat the point at which aggregation occurred.
The effect of the albumin itself in causing appreciable
increase in baseline light scattering and also in
modifying pH made it difficult to make precise com-
parison at high albumin concentrations. However,
using an albumin concentration of0 10% satisfactory
results could be obtained. The concentration of
added NaCl at which the increase in light scattering
occurred with and without albumin was estimated in
pH 7.9 M/75 phosphate buffer solutions with
virtually identical Tamm-Horsfall mucoprotein con-
centrations (0-052 ± 0003 mg./ml.). The concentra-
tion of NaCl at which aggregation commenced was
0-204 M without and 0 265 M with 0-10% albumin
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(average of two experiments each). The final pH of
the solutions without albumin were 7-62 and with
albumin 7-52.

DISCUSSION

The physical characteristics of Tamm-Horsfall
mucoprotein have undergone extensive study both
by the initial investigators (Tamm and Horsfall,
1952) and others (Curtain, 1953; Tamm, Bugher, and
Horsfall, 1955; Porter and Tamm, 1955; Maxfield,
1959, 1960, 1961) and have now been clearly demon-
strated (Maxfield and Davis, 1963). However, in
most experiments directed towards this purpose, such
as those detailed by Maxfield (1960), the tendency
towards growth of aggregates constituted a source of
experimental inconvenience, and the conditions
leading to aggregate formation were specifically
avoided.
The experiments of Curtain (1953) described the

effects of pH and ionic strength on solutions of the
mucoprotein, but the techniques employed, particu-
larly viscosity measurements, required very much
more concentrated solutions of Tamm-Horsfall
mucoprotein, of the order of 10 to 100-fold that
normally encountered in urine. However, extrapola-
tion of the present data can be envisaged as giving
reasonable correspondence with his solubility curves.
The effects of electrolytes on viscosity and

solubility were explained by Curtain on the basis of
neutralization of electro-chemical repulsive forces
allowing the forces of intermolecular attraction to
operate. At the very much lower mucoprotein con-
centrations under study in the present experiments
the production of aggregation by sodium chloride is
clearly a function of ionic strength, and with the 2:1
electrolytes studies (sodium sulphate and ammonium
sulphate) the effects would appear to be consistent
with some expression of ionic activity. With mag-
nesium chloride there seemed to be some specific
effect of the Mg++ ion in producing aggregation, and
this was also observed by Curtain (1953).
The occurrence of aggregations at the extremely

low concentrations of mucoprotein under study in
the present experiments is attributable to the very
large size of the long rod-like molecule. Maxfield
(1961) has calculated that the volume necessary to
permit the molecule (of length 1 2, in its natural
form) to rotate freely in Brownian motion is such
that the effects of molecular interaction are likely to
become pronounced at mucoprotein concentrations
slightly above those normally found in human urine.
The range of concentration of Tamm-Horsfall

mucoprotein in the urine of normal subjects is

approximately that covered by the present experi-
ments (see McKenzie, Patel, and McQueen, 1964),
although in very concentrated urine it may be
somewhat higher.
The range of electrolyte concentration studied in

the present experiments is approximately that over
which urinary electrolyte concentration may vary.
The recognized maximum chloride concentration is
about 0 34 molar and the maximum total electrolyte
concentration is not much higher (Smith, 1951).
The extreme variation of pH in the urine is from

4-8 to 8-2 (Smith, 1951), the range again being
approximately that covered by the experiments em-
ploying the phosphate buffer. A by-product of the
present experiments was an indication that the iso-
electric point of the mucoprotein is considerably
higher than the figure previously quoted (Tamm and
Horsfall, 1950) of 3-5. It appears to be approximately
4-8 and thus to fall at the lower end of the physio-
logical range. The effect of acidification of the urine
in preserving casts is well known. The possible
importance of increasing urinary pH in conditions
in which formation of casts may have an actually
deleterious effect has perhaps not been sufficiently
considered.
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