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INTRODUCTION -

During the past few decades, effective health regulations and en-

vironmental control procedures have largely eliminated lead intoxication

L NSNS APPSR ST e

as a cause of industrial illness in the United States. In recent years,

s,

howevér, interest in the deleterious effects of lead has shifted from the

e gy

industrial field to that of potential hazards to the community at lérge. In
this regard, the possible implicatibns to health of the lead concentrations
present in the ambient environment, particularly in urban areas, have
been summarized and discussed widely (U.S. Public Health Service Re-’
ports, 1965, 1966; Goldsmith and Hexter, 1967) although the data is
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scanty and their interpretation a matter of speculation.

P

Frank lead intoxication presents a well-characterized clinical synd-

RPN

rome manifested by colic, lead line, anemia, neuropathy, or encephalo~

RN

pathy, and is accompanied by the.excretion of porphyrins and their pre-
cugors into the urine. The concentrations of lead required to produce this
state are rather accurately kmown. In contrast, the biological consequences
of exposure to lesser concentrations of lead, particularly the low amounts
present in the average urban environment, are completely unknown.

Investigations designed to better delineate the biochemical effects of

lead provide one approach toward better undsrstanding the circumstances
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in which this element could come to constitute a health hazard. It is known,

for example, that lead, like other heavy metals, may act as an enzyme
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inhibitor. Several steps ih heme synthesis are inhibited by lead concentra-
tions of 10™ to 1075w (Goldberg et al,, 1956; Haeger-Aronsen, 1960;
Rubino, 1962), and such inhibition likely contributes importantly to the
anemiz of overt lead intoxication. Similarly, certain ATPases are sensi-
tive to small concentrations of lead (Hernberg et al., 1967; Sraczynski and
Zajusz, 1966) but the physiological consequences of these observations, if
any, are as yet uncertain., Many other enzymes, such as acetylcholinesterase,
are also inhibited by lead but only at higher concentrations, :_10—3M
(Chiesura et al., 1966), suggesting that such inhibition may not be biologi-
cally significant. There are suggestions that lead may disrupt biochemical
functions such as glucose transport, detoxification mechanisms, and oxida~
tive phosphorylation .(Teras and Kahn, 1966), but these effects have not been
studied in any detail. Nor is it clear that all the biological actions of lead
are necessarily deleterious. Many elements, once judgedi to be only

“poisonous contaminants,’’ are now known to perform, in minute concen~

_ trations, essential bi‘ochemical functions, and such a role has not been

excluded for lead. '

The need for additional information concerning lead metabolism has
prompted us to begin exploring the effects of this metal on diverse biologi-
cal systems ranging in complexity from isolated enzymes to whole animals.

Heavy metals are known to have a strong affinity for common biochemical

ligands such as phosphates, cysteinyl and histidyl side chains of proteins,

purines, pteridines, and porphyrins.

Therefore, it is not surprising that lead appears to act at a large
pumber of biochemical sites. It seemed possible that this element could
affect metabolism through several discrete mechanisms, e.g., by altering
cellular oxidation, inhibiting protein synthesis, interfering with tetrapyrroie

metabolism, and binding to nucleic acids. Evidence for such effects has ,‘

-indeed, been demonstrated as will be exemplified in the discussion to

follow, which constitutes a synopsis of several different approaches now

employed in our laboratory.
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A, Lead as an Enzyme Inhibitor: Lipoamide Dehydrogenase

Lead, despite its well-known affinity towards sulfur, is not a very
effective inhibi-tor of the so-called sulfhydry! enzymes, i.e,, those
possessing a single thiol group at the active site. In fact, the affinity of
lead toward monovalent sulfur ligands in proteins and enzymes is actually
considerably smaller than that of many other elements, e.g., silver,
mercury, or cadmium. Concentrations of 10-.3 to 16_4M lead are required
to inhibit sulfhydryl enzymes in viiro and, since this value far exceeds
concentrations present in tissues and body fluids in states of lead intoxi~
cation, it is evident that .lead is not likely a very potent inhibitor of such
enzymes in vivo, '

The principles of chelate chemistry indica,té that the binding of lead
should be markedly stronger when the metal interacts with more than one
ligand group of the same molecule to form a chelaté structure., The strong
complexes of lead with 2,3~-dimercaptopropanocl (BAL), and the effective-
ness of this agent in binding and eliminating lead from the body, are
illustrations of this point. This suggests that enzymes possessing more
than one thiol at their catalytic site should exhibit much greater sensitivity
to lead i.nhibif_:iqn than ordinary sulfhydryl enzymes.

Lipoamide dehydrogenase, an oxidative FAD-dependeht enzyme from
pig heart is an important component of the pyruvate and a-—keto—glutarate'
complexes of mammalian mitochondria and, therefore, erucial to cellular
oxidation. This enzyme has been reported fo contain a dithiol configuration
at the activé site (Massey, 1963) and, on this basis, would be predicted to

‘interact strongly with lead. As shown in Figure 1, lead markedly inhibits

the enzymatic activity of lipoamide dehydrogenase: addition of 6. 5x10"6M .

lead to the assay causes a 50% inhibition of activity and, if lead is pre-
incubated with the enzyme, even smaller amounts of the metal are in-
hibitory. Coenzymes and substrate provide partial protection against lead
(Figure 1) and complete reversal of the inhibition occurs upon addition of

equal concentrations of EDTA (Table I). It appears that lead binds to the
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active center of lipoamide dehydrogenase, since coenzymes and substrate
both afford profection against inactivation (Figure 1) and prevent restor-
; ation of activity by EDTA (Table D.
: 'The interaction of lead with lipoamide dehydrogenase generates two
new absorption bands at 310 and 260 mH, identified by difference absorption
spectrophotomstry. The similarity of these absorption bands to those of

lead-sulfur model complexes suggests that lead binds fo sulfhydryl groups
at the active center of this enzyme.

Figure 1_
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TABLE I " Efféct of EDTA on Lead Inhibition of Lipoamide
- Dehydrogenase
R
Condi % Activity
1 i [ ] -
1. Enzyme + (_:;;).e.'lix"z:ymes-Substrate {control) 100
2.  Enzyme + Coenzymes-Substrate + EDTA* (control) 106
S 4 2+
3. [Enzyme + Coenzymes-Substrate} + Pb 3
4, [Enzyme + Coenzymes-Substrate | sz + EDTA 106
oy
5. [Enzyme + szv. 1+ Coenzymes-Substrate + EDTA 2
D e l 7 +
tAssay _Eonditioné: Enzyme or Enzyme-Pb complex, 1,656x10 M; DPN ,

1.7x10 ~M; DPNH, 2.2x10 M; lipoate, 8,6x10 *M; Tris-Cl, 0.1M,
PH 7.0; £Lead Acefate, 3.3x10 M.,

In line 4, lead is added fo the enzyme after addition of coenzymes and
substrate whereas, in line 5, the order of addition is reversed.

*EDTA -~ 3, 4x10~4:M

The data indicate that lead is an extremely potent inhihitor of lip~
oamide dehydrogenase in vitro and suggests that lead might, through this
mechanism, serve to disrupt cellular oxidation in vive. Efforts to test this

hypothesis are now in progress.

3

B. Effect of Lead on Protein Synthesis

At a higher léve}_of biological organization, the effects of lead he~
come more comple;x. This is evident upon investigation of the influence of
lead on an isolated step in the protein synthesizing apparatus--the incor-
poration of a single amino acid into transfer RNA. We have employed, for
this study, the incorporation of MC -leucine into t~-RNA, utilizing the
amino acid activating system obtained from E. coli, strain B (Figure 2).

The addition of 10~4M lead acetate results in nearly 50% inhibition
of enzymatic activity over the flrst few minutes of the reaction, likely.due
to the interaction of lead with the aminoacyl synthetase, believed to be a

sulfhydryl enzyme. While this inhibition does not appear unusual in ifs
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kinetics, a quife different form of inhibitory effect is observed when lead

is preincubated with t~-RNA., at 37° (Figure ‘2). In this instance, the reaction
is measured by dilqting‘ the ““preincubated’’ lead-~t~RNA solution ten times
into the assay mixture; thus, the lead concentration in the final assay is
only 10—5M. Notably, during the early part of the reaction, the lead-con-
faining sample exhibits activity identical to that of the control suggesting
that 10—5M lead is not sufficient to inhibit the aminoacyl synthetase. How-
ever, the reaction plateaus early and only 60% as much 140 ~leucine is

Figure 2
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Effect of Jead on incorporation of 140 -leucine into t-RNA from
E. coli. Addition of lead to the assay mixture decreases the
rate of ~C-~leucine incorporation, most likely due to inhibition
of the aminoacyl synthetase. Preincubation of t-RNA with lead
4 at 37° decreases the extent of amino acid incorporation, most
R - likely due to hydrolysis of the nucleic acid.
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in'corporated-over the total time course (Figure 2).‘ This form of inhibition
likely indicates that part of the leucyl t-RNA was hydrolyzed during the
preincubation in keeping with the known effects of metal ions, particularly
lead, in bringing about hydrolysis of RNA (Matsushita and Tbuki, 1960;
Britten, 1962; Huff et al., 1964; Farkas, 1968).

. These experiments ‘suggeﬁlt that lead might affect protei-n synthesis
by two quite different mechanisms: first, by a direct effect, through in-
hibition of the activating enzyme an;i, secondly, by bringing about hydrolysis

of t~-RNA and, presumably, similar RNA species,

C. Effect of Lead in Metal-Ton Antagonism

At the cellular level, lead appears to affect biological functions by
still additional mechanisms. Studies of the photosynthetic microorganism,

Rhodopseudomonas spheroides, serve as an example of lead toxicity on the

basis of ‘““metalion antagonism, '’ a phenomenon wherein one metal induces
a biological effect by altering the requirement for a different element (Mar-
tin, 1951; Ulmer, 1968). )

Rps. spheroides can grow aerobically, synthesize heme and employ

oxidative pathways. However, dependent upon the conditions of culture,
particularly light and oxygen tension, the organism may also growas a
facultative anaerobe, manufacture bacteriochlorophy 11, and carry out
photosynthesis (Van Niel, 1963), This dual capability has made Rhado~
pseudomonas a favorite system for studies of the pathways of tetraphyrrole
synthesis (Lascélles, 1964). For the same reason, we thought it an
interesting organism on which to study the effects of lead toxicity in whole
cells.

When Rps. spheroides is cultured on basic media (Lascelles Medium
S), without added iron, lead causes a pronounced inhibition of growth
(Figure 3). This inhibition is much less pronounced, although still evident,
in iron-supplemented cultures suggesting that lead may affect growth by

competing with iron at an essential metabolic step. Additional evidence
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for such a competition comes fromn studies of porphyrin metabolism in
this microorganism.

Lascelles has shown that iron-deficiency induces a marked increase
in coproporphyrin excretion by Rps. spheroides (Laécelles, 1985). We
have found that coproporphyrin excretion is also critically influenced by

other metals, particularly lead, manganese, and cobalt.

Figure 3
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Effect of lead on growth of Rhodopseudomonas sphercides. At

an jron concentration of 1 FM, lead markedly inhibits semi-
anaerobic, light-grown cultures. This inhibition is largely over-
come by higher iron concentrations.

Figure 4 shows the effect on coproporphyrin excretion of iron as
" opposed to manganese. Little coproporphyrin is produced in the absence of
manganese, even at the lowest iron concentration (1#M); however, marked

coproporphyrin excretion appears upon addition of only 0.03 ppm manganese
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to the culture. Cobalt has an effect similar to manganese. In iron-supplem-
ented cultures, e.g., 10 to 100 HM, much higher quantities of manganese

(or cobalt) are tolerated before the af,\pearance of excess coproporphyrin,

Figure 4
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Metal-ion antagonism in Rhodopseudomonas spheroides. At low
Fe concentrations (1 MM/liter) Mn, 0.03 ppm, induces marked
coproporphyrin excretion. In the presence of 10 or 100 MM/
liter Fe, increased coproporphyrin appears ounly at much greater
Mn concentrations.

Lead potentiates the effect of manganese in causing increased cop~
roporphyrin excretion by this system. Thus, in the iron-supplemented
cultures, little coproporphyfin is fouhd at a2 manganese concentration of
3ppm; however, the addition of lead results in substantial coproporphyrin
excretion (Figure 5). The insolubility of lead at this pH precludes achieving
conecentrations sufficient to increase coproporphyrin excretion in the

absence of some other metal, such as manganese or cobalt.

P
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Synergistic antagonism of Fe, by Mn and Pb, in Rhodopseudomonas
spheroides. In the presence of Pb, lesser concentrations of Mn
induce coproporphyrin excretion.

1t appears that manganese, cobalt, and lead act singly, and in concert,
to antagonize iron and, thereby, alter tetrapyrrole synthesis in Rps,
spheroides. Such competitive effects of other metals for iron are indicative
of metalion antagonism, an observation long recognized, both in plarits and
animals (Martin,‘ 1951; Ulmer, 1966), and constituting an important
mechanism whereby trace element imbalance may result in disease states
in all forms of life.l The present observations would also appear to con-
stitute an example of a ‘‘conditioned iron deficiency’’ wherein lead, man-

ganese, and cobalt act as conditioning factors causing an increased

Antagonism of manganese and iron has been recognized previously,
for example, in rice (Tanaka and Navasero, 1966) and in poultry (Woerpel
and Balloun, 1964),
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requirement for iron in Rhodopseudomonas (Ershoff, 1948).

The biochemical locus of this metal-ion antagonism has been further
investigated by determining the concentration of the various intermediates
and end-products of tetrapyrrole synthesis, the pathways of which are
shown in abbreviated form in Figure 6, Table II shows the results of such
an investigation. Addition of manganese to cultures limited in iron, or
addition _of both manganese and lead to iron-supplemented cultures, con-
sistently induces production of large quantities of copropoi‘phyrin III. This
a.lteratidn is accompanied by a decreasge in both of the prineipal end-pro-
ducts of tetrapyrrole synthesis, bacteriochlorophyll (Table I1~-B) and heme
(Table XI-C). Moreover, the metal-inciuced»increase in coproporphyrin is
not accompanied by a corresponding increase in protoporphyrin (Table II-D).
Reference to Figure 6 suggests that the competition of manganese and lead
with iron most likely affects the conversion of coproporphyrinogen to pro-
topofphyrinogen. This conelusion is consistent with previous suggestions
that the enzyme involved, coproporphyrinogen oxidase, or ‘‘coprogenase, *’
may be iron-dependent (Lascelles, 1964), Preliminary experiments suggest
that manganese and lead may also affect ferrochelatase, the enzyme
involved in the conversion of protoporphyrin to heme, albeit to a lesser
extent (Figure 6). ’

Lead intoxication in both animals and humans results in the urinary
excretion of large quantities of §-aminolevulinic acid and accumulation
of protoporphyrin in exythrocytes; Ehese alterations are consistent with
the demonstrated inhibition by lead of both § ~aminolevulinic acid denydrase
and ferrochelatase in bone marrow and red blood cells {Goldberg ef al. ,
1965; Haeger-Aronsen, 1960). However, plumbism is also accompanied by
a marked increase in urinary coproporphyrin III and the mechanism of this
abnormality has not been defined. The present experiments, with Rps,
spheroides, suggest that through antagonism of essential iron, lead in-
hibition of coprogenase is a most likely explanation for the coproporphyri-

nuria of lead intoxication.

e et m 2l 08

e

-t

DUP050312554




urejoxd 11eo Sw xod WOTIBIIUSOUOD mﬁoﬁaﬁ,uoﬁ % .
PeyeoIpuL §% STEOW I § WMIPSIY 86][e0sTTL r
: 1
1°0 40 2% ) + + 0T ‘
g0’ 0°1 " ge 9°0 - + 01 2
7T 6°0 8°0T §°1 + .- 0T
91 0T 9°4 e - - 0T
0°T > S0 71 8°9¢ + + I
0°'T> g0 71 758 - ’ + T
1 0°1 78 L1 + - .
8'0 80 8°¢ 2°'T - - I 1
BB Su/wdw sSw/31 sSw/3rf W,_0TXT W, 0TX¢ Wy _0T*~ m
utxdydxodojoxd ouwoy 1&gdoxofyoorieloed urxfydxodoxdon og m.:S od :
a 0 g v PoPPY STEIOI ;
@ soploasyds seuowiopnesdopoyyy ur SIseuLy oforxidessa], wo U PUB 4d I0 JOOHT I 37gvVL i
H
| m
e e P

DUP050312555




19

Figure 6
GLYCINE + ALA Synthetase §-ANINOLEVULINIC ACID QLA o  PORPHOBILINOGEN
SUCCINYL-CoA YT 4 +C0, chydratase +H,0
PROTOPORPHYRINOGEN & Coprogenase — copROPORPHYRINOGEN I1I €~ UROPORPHYRINOGEN

+H+COy . \ +NH3\ .
%g COPROPORPHYRIN III + H UROPORPIY RIN
+H
Ferrochelat
*Fea ase HEME %

PROTOPORPHYRIN
+

AN aig

> Mg - PROTOPORPHYRIN -3 —> —3 BACTERIUC!!LOROPHYLL@

Pathway of tetrapyrrole synthesis in Rhodopseudomonas spheroides.
In the presence of Mn and Pb, coproporphyrin I is markedly
increased while both principal end-products, heme and bacterio-
chlorophyll, are decreased (arrows).

D. Lead Distribution in Higher Animals

At the highest level of bioloéical complexity we have poisoned
experimental animals with lead with the aim of discerning the general
distribution of this element and its specific interaction with critical
subcellulaxr constituents. .

Chronic lead intoxication of the pony was induced by oral administra-
tion of lead acetate over a four~month period; the degree of poisoning was
monitored by assessing the development of anemia and determination of
lead concentrations in the blood. The animal was sacrificed and the organs
ahd tissues were é,nalyzed for their metal concentrations. The organ
distribution of lead in this species is shown in Table III. Lead was localized
primarily to liver, bone, kidhey, spleen, lung ar;d hair, similar to the

distribution observed in lower species.
E. Interaction of Lead with Metallothionein
it was of interest to determine if lead, like zine, copper, iron,

cobalt, manganese, and cadmium might associate specifically with known

Puneps
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TABLE I Equine Lead Intoxication: Distribution
of Lead in Tissues
Organ or Tissue Lead Concentration*
: Pe/eg
Liver ' A . 3i. 7
Bone (rib) ' ’ - T2t
Kidney ) 9.8
Spleen . 5.0
Lung ‘ . 4.7
Pancreas 3.2
Urethra 0.3
Brain v . . . Tracef
Heart _ Not Detected
k Aorta . Trace
Muscle Trace
.. G-I Tract
Esophagus ) . 0.6
Stomach - Trace
v Duodenum © Trace
o : » Tleum 0.%
; "A Endocrine Glands
: Thyroid ' ‘ Trace
4 _ ’ Adrenal . Trace
o Pituitary o " Trace
. { Skiﬁ . Trace
Hair (tail) ) 13 to 100
¥ o 4 *Lead determined by guantitative spark emission spectrography
\ ? . fTrace is equivalent to 0.2 ppm or less
o ‘
3
SRR A Y .
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metal-binding proteins in vivo., This possibility has led us to study the
intevaction of lead with one such protein, equine renal metallothionein.
Metallothionein is an uhusu.al protein of small molecular size which
represents 1-2% of the total weight of scluble protein in equine kidney cor-
tex .(Margoshes and Vallee, 1957). In purified form it contains as much as
6% cadmium, more than 2% zinc, 8 % sulfur and small amounts of other
metals such as copper and iron (Kigi and Vallee, 1960; 1961). While
first igolated from the horse, we have recently purified metallothionein
from the kidneys of other species, including man, and have found an
identical or very similar protein to be present in liver. The physical
characteristies of metallothionein are well established (Kéigi and Vallee, )
1960;1961), but efforts to identify its biological function have, thus far,
‘been unsuccessful, Its properties are consistent with a role m a wide
range of potential homeostatic mechanisms, either in catalysis, storage,
immune phenomena, or perhap‘s in detoxification of heavy metals. The
latter p;)ssibility was tested by ascertaining if metallothionein might inter-
act with lead.

The binding of lead to metallothionein in vitro can be shown readily

by the appearance of a specific absorption spectrum (Figure 7). Lead
metallothionein ‘exhibits a broad absorption band with a maximum between
320 and 330 mb, characteristic of lead-sulfur interactions. The association
constant for lead to thionein, the metal-free protein, appears to be ap-
proximately 1015., midway between that of cadmium and zine, the metals
most abundantly present in this protein in normal animals. Since lead binds
moxre firmnly than zine in thionein, it readily displaces the zinc of the native
protein in yvitro. ' . '

The possible in vivo interaction of lead with metallothionein was
investigated by isolation of this protein from the kidneys of the lead~poisoned
pony. Tiue last step in the purification procedure, chromatography on DEAE
cellulose is shown in Figure 8. Metallothionein appears as a discrete

symmetrical peak, Significantly, the principal lead peak present in the
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chromatographic material is coincident with that of metallothionein indicating

that this protein does, indeed, bind lead in vivo as well as in vitro. .
Only a fraction of the total lead present in kidney appears io bind to
metallothionein and lead does not significantly displace cadmium and zinc
from this protein jn vivo. Thus, valthough it is possible to demonstrate an
interaclion of lead with metaliothionein, the experiment does not provide
evidence that this unusual protein serves a significant fuhction in the

ation,

detoxification of lead. Moreover, these cbservations indicate the necessity
of testing, in whole animals, hypothesis generated by jn vitro experiment-

Figuvre 7
1 1 ] 1 ] - L
0.5} Protein, 5x 107 |
| ‘.‘ Pb-Acetote, [ x 107%M
' Tris, 0.2 M, pH 7.0
1
04r 3 .
> \
O “
=< { 1
< O0.3F .
jae} \ Leod
(% o : \‘ Metatiothionein
A \
m - s E
= 0.2 \\‘
Y, < Native
\\
.1 " ]
. Thionein “w .
hk
0 tesseniesnenserpevacanee b ] -.:h~-.-}--»—-——.~-—¢-w—--:£- —————— -
280 320

[)
360
WAVELENGTH, mp
Absorption spectrum of equine renal metallothionein. The apopro-
tein, thionein, is devoid of aromatic amino acids and does not
absorb at wavelengths longer than 240 mHKE Native metallothionein
has an absorption band at 250 m¥ arising from cadmium-~sulfur
interaction. Lead metallothionein absorbs at still longer wave-
lengths, 320 to 340 m# indicative of a lead-sulfur chromophore.
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ABSORBANCY

Figure 8
£ DEAE Chromotography
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DEAE cliromatography of metallothionein from kidney of the
lead-intoxicated pony. The principal protein and lead~containing
fractions emerge together from the-column.

F. Interaction of Lead with Robonucleic Acid

oYW *y

jw sed 67 ‘qy 37

As indicated previously, lead appears to intevact with ribonucleic

acid in vitro and potentially, may interfere with protein synthesis on this

basis (vide supra). It seemed important, therefore, to determine if lead

also interacts with RNA in vivo. For this purpose, we have isolated and

purified RNA from the liver of the lead-poisoned pony and analyzed this

material for metals by emission spectrography (Wacker and Vallee, 1959).

The results are shown in Table IV, 1t is evident that RNA binds considerable

lead, as well as other metals noted previously. The significa.nce of this

observation, with its important implications in terms of transmission of

genetic information, and fundamental cellular syntheti¢ processes, will

require a good deal of further work, but it may well prove of great interest

in evaluating the consequences of long-term exposure to lead.

LR
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, TABLE IV - Equine Lead Intoxication: Metal Analysis

4 of Liver RNA
METAL CONCENTRATION

Hg/gm*

i Zine : ' 135

; Strontium 80
Barium . _ 92
Iron : 395
Calcium 1670
LEAD 103
Manganese ’ © 13
Aluminum Y
Nickel ' 55
Molybdepum . Trace
Magnesium ' 815
Chromium ' 9

: ¥Emission of sbectrographic analysis in duplicate of samples ashed at
o 450° C. '
SUMMARY

Lead appears to act at a large number. of biochemical sites and
might contribute to metabolic alterations through several different
" mechanisms. Lead strongly inhibits lpoamide dehydrogenase, a purified
enzyme ciucial {o cellular oxidation, probably through binding to the
dithiol configuration at the active catalytic center. Protection is afforded
) by cocenzymes and substrates and the inhibition is reversed by EDTA.
‘ Lead inhibits the incorporation of 1‘;“C—leucine into F. coli t-RNA;
the data suggests that the metal may affect protein synthesis both by
4 atlacking the synthesizing 'eniymes and, perhaps, through binding and
hydrolyzing t-BNA.,
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At the cellular level, lead inhibits the growth of the microorgahism,

Rhodopseudomonas spheroides, and appears to alter tetrapyrrole synthesis

in this species through a complex metal-ion antagonism involving coprop-
orphyrinogen oxidase (coprogenase), This action of lead may well be the
basis for the increased urinary coproporphyrin observed in plumbism,

These and still other effects of lead are likely pertinent to evaluating
the sig*n.ifiéance of exposure to this metal in higher forms of iife. The
distribution of lead and its binding to specific subcellular constituents,
metallothionein and liver RNA, in the pony are reported as early efforts
to delineate loci of interaction of the metal in intact animals.

These experiments of fhe biological effects of. lead on systems of
widely varying complexity were undertaken to provide a firmer basis for
estimating potential hazards to health from this element in the ambient

environment and to localize potential sites of its action in metabolism.
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