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The goal of thia project has been to investigate the
effect of variations in the concentration of aluminum and
copper on the green alga Scenedesmus guadricauda. The
hypothesis ia that the growth rate of the alga and the
activity of its enzymes are related to the concentration of
the free cupric ion. The research has environmental
significance becauase of the increase in the aluminum
concentration of lakes affected by acid rain. Aluminum is
thought to be responaible for asome of the obaerved toxicity
in these asystema. I will preaent evidence that the effect
of aluminum may be due to ita interaction with the metal
chemiatry; the increase in aluminum leada to an increaase in
the toxic form of another metal auch as copper.

The background will begin with a description of the
environmental conditions which lead to this research. The
concept of chemical speciation will be introduced. The
background will cover the theory of speciaﬁion, its
relationship to toxicity, and factors that control copper
and aluminum apeciation in the envirohment. Thia research
ia based on the underastanding that the addition of one
metal will affect the speciation of other metals in the
system. The use of computer programa to estimate the

rasults of metal interactions will also be discussed. The

final purpose of the background is to describe the tesat



organism and enzyme system used to assay the effect of

aluminum and copper.

The experiments performed to test the hypothesis are
presented in chapters I through IV. The effect of
variations in the concentration of aluminum and copper on
(Chapter II>. The relationship between the concentration
of these metals and the activity of the enzyme alkaline
phosphatase was then studied. Experiments were performed
in_vitro with an isolated enzyme (Chapter III), and in

vivo with Scenedesmus cultures (Chapter IV). 1In Chapter V,

a model is developed to predict the effect of changes in

metal apeciation.



CHAPTER I

BACKGROUND

Aluminum_and_Acid _Rain

An environmental effect of acid precipitation is the
increased mobility of aluminum (Driscoll et al 1984;
LaZerte 1984). Aluminum, a common component of soil, is
insoluble at the natural pH of rain. Acid rain leads to
the dissolution of aluminum compounda. Although this
process neutralizes the acidic input, it leads to an
increase in dissoclved aluminumr (Johnson 1984). Increases
in the concentration of thia metal have been detected in
atreama, lakes and ground water (Driscoll et al 1984).
Acidified lakea have been found to have aluminum concen-
trationa 10 to 50 timesa higher than neutral lakes in the
same region (Cronan and Schofield 1979).

The increase in aluminum is thought to be responsible
for the loas of fish in lakes affected by acid rain (Dillon
et al 1984). As acidity increases, toxic conditions may be
produced by dissolved aluminum at pH levels that are not in
themaelves harmful (Cronan and Schofield 1979). A
statistical survey suggested that the aluminum
concentration is the primary chemical factor controlling
the survival of fish (Schofield and Trojnar 1980).
Although laboratory studies have shown that it is possaible

to kill fish (Baker and Schofield 1982) and phytoplankton



(Helliwell 1983) given high enough concentrations of
aluminum, the mechaniam of toxicity in the environment has

not been demonatrated.

Metal Speciation

Metals can be present in a variety of chemical forms
in natural watera. Each individual compound or complex is
called a chemical aspecieas. The total concentration of a
metal is the sum of the concentrations of its free and
complexed speciea. The relative concentration of each
species depends on the chemical interactions of all the
reaactive components of a system. The important factors
controlling metal spaeciation ias the relationship betwsen
the number of ligands available for metal complexation and
the total concentration of metal.

There is chemical competition for complexation if two
netals can reversibly bind to the asame site. This

competition can be represented by the equation:
Me,-L + Me, ===z==> Meq + Me,-L

An increase in the concentration of either metal will
cause the free ion concentration of both metals to
increase. The free metal activity is often reported as the
negative log concentration or pMe. This cﬁnvention is

analogous to pH.



The interactions of metals in aquatic solutions can be
modeled using computer programs (Westall et al 1976;
Fontaine 1984). These programa are usad to estimate the
aquilibrium concentration of the various chemical species.
The programs used in thia research are MINEQL (Weastall et
al 1976) and MICROQL (Weatall 1979). These are baaically
the same program designed for mainframe and micro computers
reapectively. The input for these programs conaists of the
concentration of chemical componenta of a asolution and the
equilibrium or stability constants for all the possible
interactions of the conpoﬂonts. Components are defined in
such a way that all possible species can be written as
productas of reactions involving only components. The
computar performs a series of equilibrium calculations
until the mass balance error ia below an acceptable level.
The output consists of the concentration of each species.

Although MICROQL is a valuable tool for determining
chemical apeciation in the laboratory, it does have
limitations for environmental application. It can only be
accurately used for solutions in which the exact
concentration of each component is known. Alasoc stability
constantas are necessary for all the posasible chemical
interactions. This information is not generally available
for natural waters. The program amsumes that equilibrium
is reached between all of the apeciea which may not be

valid for a dynamic natural system (Fontaine 1984).



Copper is toxic to organisms of many taxonomic groups
in aquatic ecoasyatema. Phytoplankton (Peterson et al
1984), zooplankton (Giesy et al 1983), and fiah (Shaw and
Brown 1973) have all been shown to be asusaceptible to copper
toxicity. Natural levels of copper can inhibit algal
growth. Huntaman and Sunda (1980) state there is
‘increasing evidence for the toxicity of copper even in
unpolluted watar’. Steeman-Nielaon and Wium-Andersen
(1970) found copper to be poisonous at concentrations found
in natural waters.

Chemical speciation is critical in determining the
effect of metals in aquatic ecosystems. Only certain metal
species interact with the biota. The activity of the free
cupric ion (Cu*?) is thought to be the primary factor
determining the toxicity of copper to phytoplankton
(reviewed in: Huntsman and Sunda 1980) and fish (Shaw and
Brown ‘'1973). Organic complexation decreases copper
toxicity (Peterson et al 1984). Algael growth rate
(Paetersen 1982), enzyme activity (Rueter 1983), and
nutrient uptake (Rueter and Morel 81) can all be related to
the free cupric ion concentration.

The relative toxicity of different aluminum species
is not well understood because chemical conditions have
not been well controlled in aluminum toxicity studies.

Some believe that the free metal ion is the toxic species



* is the most

(Burrows 1977), while othera claim Al(OH),
toxic form (Helliwell 1983). Organically complaxed
aluminum is essentially non-toxic (Johnson et al 1984).
Variationa in the chemistry of a asolution can lead to
toxicity of a metal without an increase in the total con-
centration of that metal. Copper toxicity has been shown
to increase by decreasing the concentration of natural
complexing agents (Sunda and Lewis 1978). Petersen (1982)
demonstrated that the addition of zinc can lead to copper
toxicity in algal culture. 2Z2inc competea and displaces
sonme copper from the chelator present in the medium thus

increaaing the cupric ion concentration. Aluminum may

exert its effect by similar mechanisms in natural systems.

The environmental application of the reaults of thia
research depends on the reversible complexation of metals
in lakes. Due to the presence of a diverse array of
organic and inorganic ligands in natural waters, a number
of compoundas could be important in the complexation
capacity of an aquatic syastem (Perdue 1979). Both copper
(Shaw and Brown 1973) and aluminum (LaZerte 1984) are
naturally found aa free metal iona, inorganic species, and
as organic complexes with biological compounds.

Humic substances are a class of compounds which have
been shown to be important in metal complexation (Gamble et

al 1983). Terrestrial plant material is the primary source



of thease compounds. The presence of various branched
carbon chains prevents further degradation by micro-
organiama. Humic aubatances are often the moat prevalent
organica in aquatic ayatema (Perdue 1979). Theae polymeric
compounda are heterogeneoua in terma of molecular weight,
number of binding sites, and stability of metal complexes
(Giesy et al 1983). Humics are effective chelators due to
the preaence of carboxyl, alcocholic, ketolic, and phenolic
groups (Giesy 1983).

Although humic substances have been shown to form
complexes with metals, the interaction can not be
characterized with defined stability constants (Perdue and
Lytle 1983; Gieay 1983; Saar and Weber 1982). Thia is
partially due to the fact that humics are a clasa of
different compounds, although attempts to separate them for
individual study haa proven to be unaucceaaful (Perdue and
Lytle 1983). Metal-humic interactiona are best deacribed
by experimentally derived conditional atability constanta
and maximum binding capacitiea (Gieay et al 1983).
Generally the derived values are only valid for humics from
-a particular environment. The stability constant is also
influenced by pH due to proton-humic interactiona (Perdué
1983).

Humic aubastances have been shown to be important in
determining coppef speciation and toxicity in natural
wateras (Giesy et al 1983, McKnight 1981, Huntsman and Sunda

1980). Copper can form atable complexes with a variety of



S
organic ligands. The complexation of copper with humica can

be described by the equation:

Cu*2. + humic-H <====> humic-Cu.+H'

Thuas the activity of copper ia determined by the concan-
tration of humics, competing metals, and the pH. Gieay
(1983), McKnight (1981), and Gatcher at al (1978) all found
that a majority of the total dissolved copper in various
lakes ias associated with humics. Uncomplexed copper is
generally the second most prevalent species. As discussed
earlier, humic bound éopp@r is unavailable to phytoplankton
and does not lead to toxicity. Gieay (1983) and McKnight
(1981) state that humic complexation is an important factor
controlling copper toxicity to phytoplankton.

Metal iona competa with one another for binding aitaes;
increasing the concentration of one metal increases the
free ion concentration of others by displacement (Gamble et
al 1983). Due to the chemical uncertainty of these
compounds and differences in humic substances from
different environments it is not possible to predict the
exact outcome of competition between aluminum and copper in
natural waters. A generalized order of metal-humic
stabilities is Al > Cu based on competition for binding
sites (Giesy 1983). Giesy found that aluminum would
displace copper from humics extracted from various sites in
South Carolina. Kerndorff and Schnitzer (1980) allowed
eleven metals to simultaneocusly interact with a humic

solution. Although the results varied with pH, the
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conditional binding of aluminum is similar to that of

copper. Of the eleven metals tested both aluminum and
copper were found to have intermediate affinity for humics.
Although the displacement of copper by aluminum haa not
been shown in a natural system, it should occur given the
aimilar affinities that the two metals have for humic
complexation.

In thias research, the aynthetic chelatoras EDTA
(Ethylenedinitrilotetraacetic acid) and NTA
(Nitrilotriacetic acid) were used to model the actiona of
humic substances. Previous studies have shown this to be a
useful approach. Davey et al (1973) found the results of
algal bioassays in natural water could be calibrated by
comparison to similar results in media containing EDTA.
Gillespie and Vaccaro (1978) used a bacterial bioassay and
found similarities in the effectas of natural organics aqd
EDTA on decreasing copper toxicity. Sunda and Lewis (1978)
grew phytoplankton in media containing copper and various
concentrations of humic substances and obtained the results
predicted using synthetic chelator models. A complicating
factor ias that a high concentration of EDTA may be thic to

algae (Rueter, pera. comm.)

Freshwater Institute, Winnipeg, Canada) was used as a test

organism in this research. It was chosen because of its
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use in similar experiments (Petersen 1982). Its taxonomic

position ias (Bold and Wynne 1978):

Division- Chlorophycophyta

Order- Chlorellales

Family- Scenedesmaceas
to four cells. The cell are joined laterally, and the
terminal cells often have two spikes protruding from the
ends. The number of cells per colony in laboratory
cultures is influenced by the media used (Bold and Wynne
1978). Four and one cells per colony were the most common

numbers observed in this research. Scenedesmus guadricauda

Metal toxicity can be expreased as an inhibition of
any critical cellular process (Peterson et al 1584). 1
chose to measure the activity of alkaline phosphatase for a
variety of reasona. Alkaline phosphatase has been shown to
be a biochemical marker of metal toxicity (Rueter 1983).
It is important in the environmental success of
phytoplankton (Currie and Kalft 1984). The enzyme is
agsociated with the surface of algae sc it is in direct
contact with the chemistry of the medium (Rueter 1983).
Alkaline phosphatase is known to be a zinc metallo-enzyme

(Coleman and Gettins 1983) which allowe for modeling of
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the interactions between the toxic metals and the zinc

binding sitae.

Alkaline phosphatase is found in a wide variety of
taxonomic groups. Isolated enzymes from various species
have been atudied and they ahare the aame basic propertiea
(Coleman and Gettina 1983). The enzyme is a dimer with a
molecular weight of about 95,000. At least two zinc ions
are agssociated with each dimer (Cohen and Wilson 19686).
Alkaline phoaphatase is a nonspecific pﬁésphomonoesterase
(Coleman and Gettins 83) which catalyzes the hydrolysis of
orthophosphate from a wide variety of organic phosphate
corpounds.

Alkaline phosphatase activity can be critical in
controlling the succesa of phytoplankton species (Currie
and Kalft 1984a). Phosphorus is often the resource
limiting phytoplankton growth in lakes (Goldman and Horne
1983). Alkaline phosphatase is required to utilize
dissolved organic phosphate (DOP), which may be the primary
adurce of phosphorua for phytoplankton (Currie and Kalft
1984a,b). Because of a faster uptake rate, bacteria
utilize over 97% of the inorganic phosphate. If metal
toxicity decreases the activity of alkaline phosphatase, it
would lead to a decrease in phosphorus availability to
phytoplankton.

Alkaline phosphatase has been ahown to be a
biochemical marker of copper toxicity (Rueter, 1983).

Thia effect can be detected using a purified enzynme
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solution, cell free algal extract, or active algal

culture. The activity of the enzyme decreases in relatidn
to an increase in the cupric ion concentration. The
effect is thought to be due to the displacement of the
native zinc ion by copper. Both metals form divalent
cationa with asimilar ionic radii and bonding geometries

(Vallee 1958).

Acid rain leada to an increase in the concentration of
aluminum in some lakes. My goal is to present evidence
that the observed effect of increased aluminum may be due to
the interaction of this metal with the agqueous chemistry of
the system. The toxicity of a metal can be related to the
concehtration of a particular chemical species of the
metal. In aquatic systems, the free metal ion is often the
most toxic form. Thia form is often found in low
concentration due to complexation with humic substances.
Aluminum may exert its effect by competing for binding
sites with more toxic metals such as copper. Thia would
lead to an increase in the toxic form of copper without an
increase in the total copper concentration. This hypotheais
is tested by investigating the effect various
concentrations of aluminum and copper have on algal growth
rate and enzyme activity. Changeas in these bioclogical

parametera should relate to variationa in metal apeciation.



Chapter II

function of aluminum and copper concentration
INTRODUCTION

The goal of thia experiment is to determine the
aenaitivity of Scenedeamus guadricauda to aluminum and
copper toxicity. The alga ias grown in media containing
various concentrations ofia;uninum and copper. The growth
rate will be compared to the total concentration of each
netal as well as the free ion activity of each metal. The
hypothesis is that the growth rate should be related to the
activity of the free cupric ion.

The design of this experiment is based on work done on
the same organism by Petersen (1982). In his experiments,
Petersen investigated the effect variations in zinc and
copper concentration had on algal growth rate. Growth data
was analyzed in terms of total concentration as well aas the
eatimated chemical speciation. He found that in tﬁe

presence of both metala, the obaerved toxicity could be

related to the free cupric ion.

METHODS

Care muat be taken with experiments on the effects of
trace metals to prevent metal contamination. Nanopure

water obtained from a Barnstead system was used in all
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experiments. Plaaticware was allowed to soak in 4x HCL
for 24 hours and rinsed five times with Nanopure water
immediately prior to use. The growth medium was a run
through a column of Chelex 100 (Bio-rad lab.). Thia cation
exchange material removes any metal contaminates present in
the solution. All culture manipulations were performed in
a laminar hood (Environmental Air Control Inc.). Clean
plastic gloves were worn while handlin§ the culture flasks.

Scenedeamus guadricauda (culture II, Freshwater
Institute algal culture collection, Freshwater Institute,
Winnipeg, Canada) waa used as the test organiam. The algae
were grown in Fraquil (Morel et al, 1979), as modified by
Petersen (1982). The chemical composition of the medium is
listed in Table I. 1000x concentration stocks of the
nutrienta; NaSiO4, K2HPOa, NaNOQ and the major ions; CaClz,
MgSOs, and NaHCOa were preparad. A metal atock aolution
which contained 1x10~3 EDTA and 1000x concentration of the
metals (excluding Cu and Al) listed in table I was also
prepared. Two milliliters of each nutrient stock were
diluted to one liter with Nanopure water. The major ions
were similarly mixed. The nutrient mix and the ion
solution were run through separate Chelex columna. 5S00 nl
of each chelexed solution were combined and 1 ml of the
metal stock was added to produce one liter of Fraquil. The
nedium was filter sterilized using a 0.45 uM filter

(Nucleopore Co.).



TABLE I

MODIFIED FRAQUIL CULTURE MEDIA

1le

chemical concentration chemical

concentration

component mol / L component mol / L
Ca*2 2.5 x1074 cog™2 1.5 %1074
Mg*? 1.5 x10”4 S04~ 1.5 x1074
K* 2.0 x1073 cL” 5.2 x10”4
Fe*3 4.5 x1077 B(OH) ,~ 1.0 %1077
Nn*2 2.3 x1078 MoO, ™2 1.5 %1072
Co*2 2.5 x107° NOg~ 1.0 x1074
2n*2 1.0 x10°° EDTA™4 5.0 x10°6
NH, 1.3 x107° a1*3 variable
H* variable Cu*? variable

Concentration of the components of the media Fraquil

(Morel et al 1979) as modified by Petersen (1982). H"
concentration (pH 5-8) was variable due to changes in
the aluminum and copper concentrations.



Stock solutions of 1x10”1 M AlCly and 5x10™2 M CuSO,
were used as the source of these metals. 100 ml of medium
ateach experimental concentration was made in 250 nl
Taflon flaaks. These solutions were allowed to ait for
twenty-four hours before experiments were performed ao
equilibrium between the matala and EDTA could be obtained.

The growth experimentsa were performed in 30 ml poly-
carbonate tubes. 20 ml aliquota of medium were inoculated
with 0.2 ml of a atationary phase maintenance culture of
Scenedaamua. Daily measurementa were taken by placing each
tube in a fluorometer (Turner Designs, Model 10) saset to
detect the fluorescence of chlorophyll a:

light source- bulb F4TS

excitation filter- c/s 5-60

emmision filter- c/s 2-64
The increase in chl a fluorescence was used as the
neasurement of growth. The cultures were kept in an
incubator (Envifonator Co.) at 18 °C. The light was
continuous and had an intensity of 100 u Einsteins m~2 s~1,
The tubea were kept in clear plaatic rackas and ahaken at
100 rpm. Each growth experiment lasted 7 days. The
exponential phase of growth was determined by graphing the
daily fluoreacence on semi-log paper. Growth rate was
determined using the equation:

u = (ln Fp - 1ln Fq) + (# days)

u = growth rate
F1= fluorescence on first day of exponential growth

17



Fo= fluorescence on last day of exponential growth e
# = number of days between F, and F2

The effect of aluminum and copper on algal growth
rate was first determined individually. After the
effective lavel of each metal was known, a matrix of m;tel
concentrationa were derived (Table II). The copper
concentrations used in these experiments were 0, 3, 4, 4.5,
and S x10°~6 M, while the aluminum concentrations were O, 2,
3, 4, 5, 6, and 8 x10"® M. The growth rate was determined
for thirty three concentration combinations of theae metal
concentrations (table II).

The concentrations of the chemical apecies at each
set of aluminum and copper concentrations were estimated
using the computer program MINIQL (Weatall et al 1976).
Critical equilibrium constants involving EDTA, aluminum,and
copper were compared to other publiahed valuea (Smith and

Martell 197%5).
RESULTS

Although individual cultures had growth rates as high
as 0.93 day'l, the average Umax for any concentration
combination was 0.85. The control cultures with no
additional metals always had growth rates about 0.2 units
lower than cultures with low concentrations of aluminum or
copper. Additional metal did not have a noticeable effect

on growth rate until a threshold concentration is reached
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TABLE II

GROWTH RATE DAY~ 1l (upper) AND pCu (lower) AS
ESTIMATED BY MINIGL (Westall et al 1976),
FOR EACH CONCENTRATION OF
ALUMINUM AND COPPER

Copper (x10°% M)

R * S, 3 - 4_______ 4.5_______S_-

0.65 0.85 0.77 0.81 0.08
0

13.0 11.42 10.83 10.11 8.20

0.76 0.80 0.77 0.76 0.21
5 :

13.0 11.41 10.82 9.64 7.86

N.D. N.D. 0.77 0.58 0.04
3 i

13.0 11.38 10.79 9.61 7.46

Aluminum
(x 10~ 1)

0.67 0.70 0.48 0.42 0.16
4 |

13.0 9.96 8.77 7.75 6.35!

0.68 0.46 0.23 0.33 0.0
5

13.0 6.97 6.50 6.28 6.08

0.44 0.40 0.10 N.D. N.D.
3

13.0 6.39 6.11 5.98 5.87

0.08 0.16 0.15 0.0 0.0
8

13.0 6.03 5.84 5.76 5.68

N.D.~- no data
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(Table II ;Figure 1). Above this level the growth rate
decreases dramatically. The threshold concentration of
both aluminum and copper depends on the concentration of
the other metal.

The ECqqy (effective concentration-50%) is the concen-
tration of a metal at which the growth rate of the alga is
fifty percent of maximum. The Al-ECgqy in the abaence of
copper is about 6 x10"° M. As the amount of copper
increases, the Al-ECg, decreasea (Figure 1). At higher
copper concentrations, less aluminum is required to inhibit
growth. The Al-ECgy can not be determined if the copper
concentration is S xlO's M since the growth rate in the
absence of aluminum is less than SO% of the control rate.
The érowth rate is alightly higher at thias copper concen-
tration if some aluminum is present.

At aluminum concentrations below 2 x10™> M, the Cu-
ECgp is between 4.5 and 5x10™® M. If the aluminum concen-
tration is raised to 3 x10°® M, 4.5 x10°6 M copper leads to
a 25% decrease in growth rate. The Cu-ECgy is about 4 ®10~
© M if the aluminum concentration is 4 x10™° M. It drops
to 3 x10°6 x copper at 5 x10™° M aluminum. As the growth
rate at 6 x10™° M aluminum is only about S0X of the
control, it ia not poaaible to determine an Cu-ECgq,. At
thia aluminum concentration, the growth rate remainas fairly

constant until the copper concentration exceeds 3 xlO's'H.
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function of cupric ion activity (pCu). See the
discussion for a description of A and B.
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At the higheat aluminum concentration tested, the growth
rate waa slightly higher at copper concentrations of 3 and
4 x:l.O"6 M than in the absence of copper.

A atatistical correlation (r2=0.87) was determined
between the log concentration of the cupric ion (pCu) and
the growth rate of Scenedesmus (Figure 2). Linear
regreasion analysis revealed no such correlation between
the growth rate and pAl (r2=0.46), pH'<r2=0.56), or any of
the other species. Aa the growth rate changed due to
variationa in the concentration of either metal, a

relationaship between the total concentration of a metal and

the growth rate was not obtained.
DISCUSSION

Cupric ion activity ias the chemical factor controlling
the growth rate of Scenedesmus. Aluminum exerts its effect
by competing with copper for organic binding sites. As the
aluminum concentration increases, copper ions are diaplaced
from EDTA and the cupric ion activity increases. The
effect of compatition between aluminum and copper for
complexation is demonstrated in figure 3. At a set copper
concentration, the activity of the cupric ion increases
. (pCu decreases) with aluminum concentration.

The resaults obtained agree with published resulta from

a aimilar experiment with copper and zinc (Petersen 1982).

He found that in the presence of copper, an increase in

23
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FEigure_3. The activity of the cupric ion increases
with aluminuma concentration. The copper concentration
is set at 4 x10°6 M copper.
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2S5
2zinc could lead to increaaed copper toxicity. The effect
was thought to be due to the diaplacement of copper ions
from EDTA. An important point is that although two metals
speciation must be known to determine the toxic agent in
the presence of both metals.

Although a good correlation is obtained between growth
rate and cupric ion activity, figure 2 shows two sets of
data that appear to vary from rerainder of the samples.

The three data points labeled A are all cultures that
contained the highest copper concentration (S xlO"6 M.
The total copper concentration may be important in
determining toxicity at this level. Also, at S x10”6 M
the concentration of copper and EDTA are equal. EDTA;a
effectiveness as a buffer dependa on the relative
concentration of the metal and the chelator. If the
buffering capacity is exceeded, the cupric ion activity
could fluctuate and cause higher values than estimated by
MINEQL.

The cultures labeled B all contained 2 x10™° M
aluminum. The growth rate of these cultures was higher
than pradicted. A low concentration of aluminum may
provide protection from copper toxicity. Evidence of an
protective effect of aluminum was also found in experiments
on the aeffect of aluminum and copper on the activity of

alkaline phosphatase (Chapter III).
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Although there ias a statiatical relationahip between
the increase in aluminum and a loss of fish (Cronan &
Schofield 1979), the information is not available to
determine what changes in metal speciation may have
occurred. Evidence of cause and effect can be misleading
if the data is incomplete. Field data often consist only of
changes in pH and total aluminum concentration. If a lake
subjected to acid rain is modeled by a set of cultures with
the same copper concentrations but different amounts of
aluminum, toxicity does appear to increase with aluminunm
concentration (Figure 4). But the reaulta of thia
experiment show that the toxicity is not due directly to

aluminum but to changes in the aquatic chemistry.

CONCLUSION

thirty three different concentrations of aluminum and
copper. The growth rate of the alga was compared to the
total concentration of each metal, as well as, estimates of
netal apeciation. Growth rate was found to be related to
the cupric ion activity. Aluminum alone has a minimal
toxic effect. The results support the hypothesia that the
obaserved effect of increased aluminum may be due to

interactiona with the aquatic chemistry of a ayaten.
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CHAPTER III
ALKALINE PHOSPHATASE ACTIVITY AS A

FUNCTION OF THE AQUATIC CHEMISTRY
OF ALUMINUM, COPPER, AND ZINC

INTRODUCTION

This reasearch attempts to characterize the inter-
actions between aluminum and copper in relation to the
toxicity of these metals. The hypotheaia predicta that
metal speciation is more important than the total metal
concentration. In this chapter, the inhibition of alkaline
phosphatase is used as an indicator of toxicity. This
enzyme was chosen because it ia important in the phosphate
nutrition of algae (Currie and Kalft 1984) and it has been
shown to be a biochemical marker of metal toxicity (Rueter
1982).

The use of enzyme activity assays has benefits over
cell growth rate experiments in metal toxicity studies.
The chemistry of the media can be asimplified without
concern for the nutritional requirements of cells. Algae
may releaase organic chelatora which complicate metal
speciation calculationas (McKnight and Morel 1979). Another
benefit ia that enzyme astudies take leas time 20 more
experiments can be performed.

Three typea of experiments were performed in this

investigation. Ten enzyme buffers solutions were tested to
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determine their auitability in trace metal studiea. The

activity of alkaline phosphatase as a function of aluminum

and copper concentration was determined. The results of
those experiments suggeated that zinc present in the buffer
effaects enzyme activity. The final set of experiments
inveatigatea if alkaline phosphatase inhibition due to zinc

removal is reversible.

SECTION 1

Enzyme Buffer Solutions
METHODS

Assay_of alkaline_ phosphataae activity- Alkaline phoa-

phatase, isolated from E._coli (Sigma Co), waa diluted to
one unit / ml in 1 x10™3 M Tris (pH 8.3) and atored at S
°C. 0.1 ml of the enzyme-Tris solution was added per 10 ml
of the experimental buffer solution. The final concen-
tration of the enzyme was 1 xlO'2 units /7 ml. 2.5 ml of
the enzyme-buffer was added to a 1 cm path length cuvette.
Enzyme assays were started by adding 0.1 ml of 1 x10"3 N
n-Nitrophenylphoaphate (pNPP) (Sigma Co). The hydrolysis of
PNPP was followed at 410 nm in a spectrophotometer (Baush &
Lomb, Spectronic 100) over four minutea. An absorbance
change of 0.001 corresponded to a 1.4 x10"7 M changé in

pNPP concentration.
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Enzyme_buffer_ solutiona- The requirementa for a suitable

enzyme buffer include! the enzyme muat have measurable

activity in the solution; the enzyme must remain active
over time: the pH must be maintained within the range of
7.5 to 8.0 it musat permit free metal activitiea to be
fixed at effective total metal concentrations; and the
equilibrium constants between all the componentas and
aluminum and copper muat be known so eatimatea of metal
spaciation can be readily calculated.

Ten buffers were tested to determine their suitability in
metal toxicity studies (Table III). Experimental buffers
ware prepared by diluting concentrated astock solutions.
Buffers were allowed to sit at least four hours before
assays were performed. Assays were performed over a

twenty-four hour period.

RESULTS

The activity of the enzyme was higher in 1 x10'3 M
Tris (1.3 x10°6 N pPNPP / min) than in any of the aubaequent
buffers (Table III)>. The activity showed little change
over twenty-four houras. A set of experiments were
performed to compare the use of EDTA and Tris. Four
solutions were tested: 1 x10™3 M Tris, 1 x10™3 M EDTA, 1
x10™3 M Tris + 1 x10"® M EDTA, and 1 %1073 M Tris + 1 x107°
M EDTA. The activity of alkaline phosphatase appeared to

be inhibited by EDTA (Figure S5).
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TABLE III

ENZYME BUFFERS TESTED
Activity Comments

(x10"7 M pNPP /min)
time O 24 hrs .

1x10"3 M tris

1x10~3
1x10°6

1x10°3
1%10°°

1x10~3

1x10"%
1x10~3
1x10°8

1x10~3
1x10°3
1x1078

1x10~3

= X X

XXX

X X X

XXX

tris
EDTA

trias
EDTA

EDTA

NaHCO4
EDTA
2nCl

EDTA
ZnCl

NTA

NTA
Z2nCl

NaHCO4
NTA
ZnCl
CaClz

25.2 21.0 equilibrium constant not
available for Al-tris

19.6 13.7 apparent inhibition
due to EDTA

18.2 S.6 apparent inhibition
due to EDTA

11.3 3.9 apparent inhibition
due to EDTA

3.6 - ionic strength
too low
14.0 7.0 2nCl does not prevent

EDTA inactivation

0.0 - NTA solution is not
a suitable buffer

18.2 16.8 effective buffer

17.6 S.e activity not maintained
18.1 16.8 effective buffer
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Figure_ S. The activity of alkaline phosphatase (x10~7

M pNPP / min) in five buffets over twenty-four hours.
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Buffer AP-B contained 1 x10™% N NaHCO4, 1 %1073 N
EDTA, and 1 x10"8 M 2ZnCl. The measured activity was 1.1
%x10~7 M pNNP / min. This is only 10 pefcent of the
activity found in 1 x10~3 Trias. The activity increased
about seven fold to 7 x10°7 M pNNP / min if the concen-
tration of NaHCO5; was raised to 1 x10”™3 M. After three
hours the activity in thias solution decreased by 50
percent.

The decrease in activity was not noted when the EDTA
was replaced by NTA. The activity of the enzyme in Buffer
AP-D (1 x1073 M NaHCO; , 1 x1075 M NTA, and 1 x10~2 M 2nCl)
was about 18.2 xlO"7 M pNNP / min and remained constant for
four days. Although Buffer AP-D appeared to be satisfac-
tory, two variations were tested. In an attempt to lower
the amount of aluminum and coppér required to cause enzyme
inhibition, Ca*? was tested as a competing ion. Although
the activity of alkaline phosphatase in Buffer AP-E (Buffer
AP-D + 1 x107"3 CaCl,) at time zero and tweo hours was
simil;r to the activity in Buffer AP-D, it dropped by fifty
percent at aix houra. The activity continued to decrease
with time (Figure S). Buffer AP-F was a 2nCl free version
of AP-D. The activity of the enzyme in AP-F was similar to
the results in AP-D. Buffer AP-D (1 x10~3 M NaHCO5 , 1
x10”° M NTA, and 1 x10"8 M 2ZnCl) was chosen as the buffer

to use in the aluminum and copper experiments.
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SECTION 2

Aluminum and Copper
METHODS

Alkaline phoaphatase waa exposed to ten aluminum-
copper concentration combinations. Aasays were performed
over twenty-four hours. The activity of the enzyme was
compared to both the total concentration and calculated
mnetal ion activities.

The expérinental concentrations of aluminum and copper
were O, 2, 4, and 6 x10'5 M. Ten different combinations of
the two metals were tested (Table IV). 1In all cases, the
total metal concentration did not exceed 6 x10~° M. Stock
solutions of AlCly (1 x1072 M) and CuSO4 (5 %1072 M) were
added to 100 milliliters of the buffer to make each
concentration combination. The pH of each solution was
measured (Orion Research, Ionalyzer 404) and adjusted to
7.7 with 0.1 M NaOH. The solutions were allowed to sit for
12 hour before the enzyme assay. 10 ml §f each metal
combination was placed in 30 ml polycarbonate tubes. At
time zero, 0.1 ml of the enzyme-Tris solution was added to
each tube. Assays were performed at time zero, 2 hours, 8
hours, and twenty four hours.

Copper is thought to inhibit alkaline phosphatase by
displacing the native zinc ion. The result of competition
between the two metals should depend on the relative

activities of copper and zinc. The zinc concentration in
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TABLE 1V

ACTIVITY OF ALKALINE PHOSPHATASE AFTER
TWENTY-FOUR HOURS EXPOSURE TO
ALUMINUM AND COPPER

copper aluminum experimently determined activity

x 1079 x 1079 x 10°7 M pNPP / min

--N - M_ _ —_ - _— _— _—
0 0 17.2 17.6 15.8 15.8
2 o 14.0 12.6 13.2 10.2
4 0 5.6 6.0 10.6 8.4
6 (o] 3.6 3.6 4.2 3.2
0 2 17.6 16.8 16.2 16.8
2 2 7.0 6.0 6.4 6.4
4 2 6.4 4.6 4.6 4.6
0 4 16.2 15.8 -14.0 14.8
2 4 6.4 6.4 8.4 8.4

o] 6 14.8 15.8 13.5 10.2
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the aluminum-copper buffers diacussed above waa raised from
1 x10°8 M. to 1 x10°% M. After twenty-four hours exposurae
to increased zinc, the assays were repeated. The results
obtained at the two zinc concentrations were compared.

The chemical speciation for each sample was estimated
using a Pagscal version of MICROQL (Westall 1985). The
program was run on a Zenith 151 PC (Zenith data systems).

A matrix (Table V) was set up for the component of the
buffer. The astability constanta used were obtained from the

MINEQL program data file (Westall et al 1976).

RESULTS

Four data aeta were available for each metal concen-
tration combination (Table IV). The difference in activity
between data sets was usually leas than 2 x10~7 M pPNPP /
min. An exception was the sample with 4 xlO'5 M copper:;
the data between the experimental runs differed by S %107
M pNPP / min (range: 5.6 - 10.6 x10"7 M pPNPP / min). The
atudy was repeated for all the samples containing only
copper. The activity determined at 4 x10°5 M copper (4.9 &
7.3 x1077 M pNPP / min) suggeatas the lower activities were
more accurate.

Individually aluminum and copper produced different
effecta on the activity of alkaline phoaphatase (Table VI).
The presence of copper led to an immediate inhibition of

the enzynme. Linear raegression analysis indicates that



CHEMICAL COMPONENTS,

TABLE V

SPECIES, AND

STABILITY CONSTANTS USED

IN MICROQL

Components- NTA, 2n*2, al1*3, cu*?, H*

NTA

" NTA-H,
Z2n
Zn-NTA
Cu
Cu-NTA
Cu-NTA,
Al-NTA
AlOH

OH

0.0

13.55

0.0

12.22

0.0

14.32

17.01

14.53

-4.56

-14.00

CuOH~-NTA
Al
A1OH-NTA

Al-NTA,

10.41

15.72

-9153

14.11

9.16

20.53

37
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TABLE VI

ACTIVITY OF ALKALINE PHOSPHATASE
AT TEN ALUMINUM-COPPER

CONCENTRATIONS

copper aluminum pCu"2 pAl+3 activity

activity

x 1073 x 1073 time O 24 hr

SN ; S M _—— - e
o o -.- -.- 15.5 16.6
2 o S5.24 -.- 11.3 12.6
4 0o 4.76 .= 11.2 5.8
6 o 4.54 - 9.5 3.7
0 2 - 8.14 l16.4 16.8
2 2 S.11 7.92 14.4 6.5
4 2 4.74 7.88 11.6 4.7
0 4 -.- 7 .66 17.0 1S5.2
2 4 5.06 7.60 14.8 7.4
o 6 ~.- 7 .44 16.2 13.0

activity = x 10°7 M pNPP / min
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the activity rate decreases 0.92 x 10~/ M pNPP / min per 1
x107° M copper (r9=0.88). The inhibition increased with
time ao that by twenty-four hours the enzyme activity
comparad to control is lower by 2.2 x 107 M pNPP / min per
1 x 10”5 M copper (r2=0.97).

The experimental concentrations of aluminum did not
immediately inhibit the activity of alkaline phosphatase.
At time zero, enzyme activity appeared to increase slightly
with aluminum concentration, but with a r? value of 0.55
this was not significant. After twenty-four hours, the
activity of the enzyme decreases 0.4 x10'7 M pNPP / min
per 1 x10"° aluminum (r2=0.73). This is only about one
fifth the decrease caused by the same amount of copper.

The effect of increasing aluminum at a set copper
concentration changad with time. For example, if the
copper was 2 x10~ M, an increase of aluminum led to an
activity increase of 0.8 x 10°7 M PNPP / min per 1 x107° M
at time zero (r2=0.85). The aluminum may protect the
enzyme from immadiate copper inhibition. After twenty-four
hours, an increase in aluminum led to an inhibition similar
to an increase in copper . The activity dropped 1.14 x 10~
7 M pNPP / min per 1 x10~5 M aluminun (Figure 6). The
inhibition ia 400 percent greater than caused by aluminunm
alone. |

An analysis of all the data indicates that alkaline

phoaphatase activity is related (r220.78) to cupric ion
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concentration . If the questionable data discussed in the
first paragraph of this aectioh is ignored (activity of
10.6 x 10”7 M pNPP / min at 4 x10™5 M copper), the r? value
increases to 0.85 (Figure 6). The activity of alkaline
phosphatase drops 10.4 x 1077 M pNPP / min per one unit
change in pCu (pCu = S $0.5).

The enzyme activity at various aluminum and copper
concentrations was compared between two experiments with
the asame zinc concentration (1 x10™8 M) and two experiments
with a 100x difference in added zinc concentrations (Figure
8). At time zero, the relative activity of the enzyme
exposed to copper was greater in the solution with higher
zinc. The difference averaged about ten percent of the
control rate. After twenty-four hours, the rate at all
copper and aluminum concentrationa was higher in the buffer
with more zinc, but the relative inhibition caused by these

mnetala was the sanme.

SECTION 3

Zinc Chemistry

The results obtained in section one and two suggested that
the buffer solution used contained some zinc as a
contaminant. Nitrilotriacetic acid (NTA), a component of
the enzyme buffer, competes as a ligand with alkaline
phosphatase for zinc (Cohen & Wilson 1966). If the zinc

ion concentration of a solution is low enough, NTA can



TABLE VII

REACTIVATION OF ALKALINE PHOSPHATASE
AFTER ZINC ADDITION

Time Z2inc Enzyme +10 min +1 hour +4 hours

Activity <--time after zinc addition-->
0 1x10~8 17.9 -.- -.- --
0 1x10~7 17.9 -.- -.- -.-
30 min 1x10°8 3.9 11.6 12.3 13.3
30 min 1x10~7 8.0 12.3 14.0 15.0
6 hrs 1x10°8 0.0 10.9 13.7 15.4
6 hrs 1x10~7 4.2 9.5 11.2 14.0
20 hrs 1x10~8 0.0 10.9 14.0 13.7
20 hrs 1x10~7 4.9 8.1 10.9 11.6

activity = x10~7 M pNPP / min



ENZYME ACTIVITY

16

-
N

46

HOURS

Figure_ 9. Alkeline phosphatase was exposed to a low
zinc (1 x10°8 M) buffer. The activity decreased with
time. At 30 minutes, 6 hours and 24 hours the
concentration of zinc was increased to 1 xlo'8 M and

the recovery of activity was monitored.

@ o= @ - activity in low zinc buffer

- 42&- activity after increese in
zinc concentration
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to 1 x10™® M. The recovery of activity was determined

atten minutes, one hour, and four hours after zinc addition

(Figure 9).
RESULTS

The use of chelex treated NajCOj3 did alter the char-
acteriastica of the buffer. It was necessary to add zinc to
the aolution to maintain alkaline phosphatase activity.
With a zinc concentration of 2 x10~8 M, the enzyme activity
dropped from 17.9 x10"7 M pPNPP / min at time zero to 3.9
x10"7 M PNPP / min after thirty minutes. No activity was
detected after six hours. In "non-chelexed" buffer, the
activity was consistent for four days.

Reactivation of alkaline phosphatase could occur
twenty houras after zinc was striped from the enzyme (Table
Vi, The activity of enzyme exposed to 1 x10"8 and 1
x10"7 M zinc would increase if the zinc concentration was
raised to 1 x10°% N (Figure 9). About aseventy-five percent
of the reactivation would occur within ten minutes of zinc
addition. The activity continued to increaase over four

hours.

DISCUSSION

Tria ia the recommended buffer for alkaline
phosphatase assays becauase of its weak zinc binding
strength. Although the activity was the greatest in Tris, a

dependable equilibrium conatant between the chelator and
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aluminum is not available. EDTA was not used because the

activity of alkaline phoaphatase could not be maintained in
the presence of this chelator. EDTA may act to inhibit ihe
enzyme by competing for the zinc ion.

The combination of NaHCOz; (1 x10°3 M) and NTA (1 x107S
M) waa the buffer chosen for the metal toxicity atudies.
The NaHCOa maintained pH (~7.7) and set the ionic strength.
NTA functioned as the organic complexing agent. The
equilibrium between NTA and the metals zinc, aluminum and
copper were available (Smith and Martell 1975), making it
posaible to estimate chemical interactiona and metal
speciation.

This research ia based on the obaservation that an
increase in aluminum concentration leads to loss of aquatic
organiama. My hypothesis is that the effect of the
aluminum is due to its interaction with the metal chemistry
of the ayatem. The resulta of this experiment indicate
that the toxicity of aluminum is dependent on copper. 1In
the absence of copper, the rate of alkaline phoaphatase
activity dropped 2.3 percent per 1 x10'5 M rise in
aluminum. The rate at 6 x 102 M aluminum was eighty-five
percent of control after twenty-four houra. With copper
present, the effect of increasing aluminum was similar to
increasing copper. A copper concentration of 2 x1o‘5 H'

magnified the effect of increasing aluminum by 400 percent

(Figure 6).
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Alkaline phosphatase activity was found to relate to

both the total copper concentration and cupric ion
activity. This may be due to the high copper concentration
required to inactivate the enzyme. If the concentration of
maetal is greater than the concentration of chelator, the
free metal concentration is proportional to the total
metal.

Ruetar (1983) found alkaline phosphatase activity to
relate only to the cupric ion. He also found the effective
conceniration to be much less (pCu = 10 22 va. S5 :0.5).
Rueter performed his experiments in 1 xlO‘_3 M Tris. At
that chelator concentration, the effects of total copper
and the cupric ion could be separated since a greater
change in total copper is necessary to change the activity
of the cupric ion. 2inc contamination may be involved in
the resultas obtained in each study (Rueter, pers. comm).
The difference in resulta indicatea the importance of the
solution chemiastry in trace metal satudies.

An unexpected result was the apparent protective
effect of aluminum at time zero. The activity level of the
enzyme exposed to inhibitory levels of copper increased
with aluminum concentration. Thias effect was no longer
observed after two houra. A posaible explanation ias a
kinetic effect. Both aluminum and copper can bind to a
specific site on the enzyme. The binding of copper leads
to inhibition while the binding of aluminum has little

effect. At time zero, aluminum binding prevents copper
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inhibition. At higher aluminum concentrations more of the

enzyme is protected. Over time copper can displace the
aluminum from the enzyme so the effect is not observed at
two hours.

Copper may inhibit alkaline phosphatase by diaplacing
the native zinc (Foy et al 1978). The resultas of this
experiment do not support or refute this hypothesis. The
inhibition appears to occur in two stepas. There is an
injitial inhibition which is evident in the time zero assays
(Table VI)>. There is also an additional slow decrease in
activity over time. Alkaline phosphatase contains 2 to 6
zinc ions per molecule (Coleman and Gettins, 1983). The
affinities of the binding sites for the zinc vary. The
initial inhibition may be due to copper displacing a weakly
bound zinc or binding to another site on the enzyme. The
slow continued inactivation may be caused by the
interaction of the copper with a more tightly bound zinc
ion. 1If the inhibition is caused by displacement,
increaaing the concentration of zinc ahould protect the
enzyme by increasing the probability of zinc binding. The
obaervation that increasing the zinc concentration leads to
greater enzyme activity, but does not protect the enzyme
from copper inactivation makes it hard to predict whether
the inactivation is due to the displacement of the native
netal. These results suggest that there is more zinc in the
buffer solution than expected. This is supported by the

observation that the characteristics of the enzyme in the
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buffer changed after the solution was passed through a

cation exchange column.

Cohen and Wilson (1966) state that NTA will strip zinc
~ from isolated alkaline phosphatase if the zinc concen-
tration is low. In the chelex treated buffer, a zinc
concentration of greater than 1 x10"% M is required to
prevent NTA inactivation. The inhibition caused by =zinc
removal can be reversed for at least twenty hours if the
2zinc concentration is increased. The reversibility of =zinc
binding to alkaline phoaphatase allows zinc to be modeled

as a co-factor of the enzyme (Chap V).
CONCLUSION

The effect of aluminum on alkaline phoaphatase
activity ia dependent on copper. In the presence of
copper, an increaae in aluminum concentration leads to
enzyme inactivation. Aluminum alone has little effect.
This supports the hypothesis that aquatic metal chemistry
is important in determining the environmental effect of
increasing aluminum.

The activity of the enzyme was related to both the
total copper and cupric ion concentrationa. The result
-varied from the prediction that free cupric ion activity
was the most important chemical factor. This may be due to
the experimental metal concentrationa being greater than

the chelator concentration.



CHAPTER 1IV

ALKALINE PHOSPATASE ACTIVITY IN SCENEDESMUS CULTURE:
INTERACTIONS OF ALUMINUM AND COPPER

INTRODUCTION

This research haa shown that the aquatic chemiatry of
aluminum and copper influences the growth rate of
Scenedesmus guadricauda (Chapter II) and the activity of
isolated bacterial alkaline phosphatase (Chapter III). 1In
this chapter the effect of the metals on the activity of
alkaline phoaphatase from Scanedesmug is invesastigated.

Algae synthesize alkaline phosphatase in response to
phosphate limitation. The enzyme, a nonapecific phospho-
monoesterase (Coleman and Gettina 1983), allows the cells
to utilize diasolved organic phosphate (DOP) as a
phosphorus source. Bacteria may be able to outcompete
algae for the uptake of inorganic phosphate, making DOP the
primary source of phoaphorus for phytoplankton (Currie and
Kalft 1984).

Alkaline phosphatase ias found associated with the cell
membrane (Kuenzler and Perras 1965S). External enzymes have
advantages in trace metal studies (Rueter 1983). Alkaline
phosphatase is exposed directly to the chemistry of the
medium. Internal enzymes may be protected from metal
toxicity by the large number of potential binding aites in

the cytoplasnm.
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METHODS

A modified veraion of Fraquil (Morel et al 1979) was
prepared. The use of 1x10-6 NTA in place of EDTA allows
comparison between the chemical interactions in the growth
medium and the enzyme buffer solution (Chapter III).
3-phosphoglycerate(3PG) (1 x10-7 M) was used as the sole
phosphorus source to promote the synthesis of alkaline
phosphatase. The medium was prepared in the manner
described in the methoda of the growth rate experiments
(Chapter II), except the 3PG was added to the solution
after it had been "chelexed™.

The experimental aluminum concentrations were O, 0.5.7
1 and 2 x10-5 M. At each aluminum concentration, four
copper concentrationa were teasted (O, 4, 8, 12 x10-6 M).
700 mL cultures of Scenedesmua quadricauda (culture II,
Freshwater Inatitute algal culture collection, Freshwater
Institute, Winnipeg, Canada) were grown in acid washed one
liter polycarbonate flasks. After the culture had grow for
S to 8 days, a 200 ml sample was removed and placed in a
clean container. The pH was measured and recorded. AlCl3
(1%x10-2 M) was added to bring the aluminum concentration to
the experimental level. The pH was measured again. If a
change had occurred, the pH was corrected with 0.1 M NaOH.
After 45 minute the pH was verified a final time. 10 nl

samples of the culture were tranaferred to 30 ml
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polycarbonate tubes. An hour after the addition of

aluminum, copper (2 x10-4 M CuSO4q) was added to ﬁhe tubeas.
The algae were exposed to the copper for an additional hour
bafore the aasays were performed. Replicate tubes of
aluminum free cultures were assayed as a control.

Five tubes could be aassayed at one time. The first 10
ml sample was spiked with 0.2 ml of 1x10~-3 M pNPP. After
gentle mixing, 3 ml were filtered into a 1 cm path length
apectrophotometer cuvette. The absorption at 410 nm was
neasured and recorded. This process was repeated for each
of the five samplea. After the initial reading of the
fifth sample was raecorded, a second round of measurements
was begun. The exact time of each filtration was recorded.
Approximately six minutes elapsed between repeated sampling
of any single tube. After the absorption of each sample
had been measured three times, the enzyme activity was
calculated.

Because the number of cells in a culture varied, the
absolute enzyme activity of the éontrol samples was not
consistent between experiments. The effect of metal
addition is reported compared to the enzyme activity the
two control assays. As the exact rate differed on
different days, the resulta are given aa percent of
control activity.

The chemical speciation for each concentration
combination was estimated using a Paacal version of MICROQL

(Weatall et al 1976; Westall 1985). Due to a limited memory
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capacity, a condensed Fraquil data matrix was used (Table

V). Components which where shown by MINIQL (Westall et‘al
1976) not to significantly affect metal speciation were

excluded.
RESULTS

The observed effect of increasing aluminum changed aa
the concentration of copper increased (Figure 10). 1In a
copper free culture, the addition of 2x10-5 M aluminum
inhibited the activity of alkaline phosphatase by sixteen
percent. This concentration of aluminum led to an
activity decreaase of 88 percent if the copper concen-
tration was 8 x10-6 M (Table VIII).

The ECso (metal concentration required to inhibit
enzyme activity by SO percent) for copper was determined
by graphing the data (rate v. copper) and interpolating
for copper concentration at SOX control activity (Figure
11). The copper ECs0 decrsased as the aluminum concen-
tration was increased.

The activity of the enzyme in the preaence of both
metalas was found to be related (r2=0.89) to the log cupric
ion concentration (Figure 12). The effective range of pCu
is between 7.7 and S.7. In the absence of aluminum, there
is not enough data to clearly state whether the cupric ion
or total copper concentration controls toxicity. Enzyme

activity did not relate to either total aluminum or phl.
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TABLE VIII

AND CUPRIC ION ACTIVITY (lower) AS A FUNCTION OF
ALUMINUM AND COPPER CONCENTRATION

Copper
(x1076)
0 4 8 12
100 93 67 (o]
0
13.0 11.6 9.1 5.9
105 10S 39 0
ols
13.0 7.6 6.1 5.6
Aluminum
(x10™>)
93 62 10 o]
1.0
13.0 6.4 5.8 5.5
84 70 8 0
2.0
13.0 6.0 5.6 S.4

activity = percent of control
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DISCUSSION

The concentration of copper waa found to be important
in determining aluminum toxicity. Aluminum alone had
little effect on the activity of Scenedesmus alkaline
phoaphatase. In the presence of copper, increasing the
concentration of aluminum led to a large decrease in
activity.

The results support the hypothesis that chemical
speciation is critical in determining metal toxicity. A
atrong correlation was found between enzyme activity and
cupric ion concentration. The effect of aluminum concen-
tration on the level of the cupric ion can be seen in
Figure 13. At a set copper concentration, the level of the
toxic copper species increases with aluminum concentration.

Although it has been shown that Scenedesmus alkaline
phosphatase and the growth rate of the alga are both
sensitive to cupric ion activity, I am not suggesting that
the inhibition of the enzyme ias the cause of growth rate
inhibition. Alkaline phoaphatase is acting as a model
enzyme system. The decrease of growth may be due to the
partial inhibition of many enzymea. The important point ia
that the effect of changes in metal speciation have been
shown with an organism and with a single enzyme.

Thias experiment increases the number of alkaline

phosphatase systems known to be sensitive to cupric ion
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activity. Rueter (1982) found the enzyme to be an

effactive biochemical marker of toxicity in three

increasingly complex environmenta. Comparable results were
obtained in studies with the igsolated enzyme, cultures of
marine diatoms, and natural assemblages of freshwater
phytoplankton.

The bioaséay developed in this research could be used
to quickly estimate the effect o£ changing metal
concentrationa in natural waters. A concentrated culture of
Scenedesmus could be added to a water aample. The activity
of the enzyme would be monitored before and after the
addition of metals. If a portable spectrophotometer (e.g.
Hach Co.) is available, thia work could be performed in the
field.

It has been shown that enzymes exposed to the
environment are senaitive to changes in the metal
chemistry. Similar effect may occur in other organisms.
The observed sensitivity of fish to increased aluminum
(Cronan and Schofield 1979) may be because of the number of

important enzymes present in gill membranes.
CONCLUSION

The resulta obtained with Scenedesmus alkaline
phosphatase were similar to those obtained with the

isolated enzyme. In the presence of aluminum and copper,
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enzyme activity is significantly correlated with cupric ion

activity.
Aluminum alone was shown to have little effect on the
enzyme. If copper was praesent in the medium, aenzyme

activity decreaaed as the aluminum concentration increased.



CHAPTER V

THE USE OF A COMPUTER MODEL TO PREDICT
THE INTERACTION OF COPPER AND
ALKALINE PHOSPHATASE

INTRODUCTION

Thia research haa ahown that metal apeciation
determines the effect of copper on alkaline phoaphatase
activity. Copper and zinc ions compete for the metal
binding aite of the enzyme (Foy et al 1978). Alkaline
phoaphatase can be conaidered as a ligand with different
affinities for transition metals. The goal of this section
is to model the interactions between the enzyme, zinc and
copper in a way to predict the results of perturbations in

aquatic chemistry.
THEORY

In chaptera II through IV, the computer progran
MICROQL (Westall et al 1976) was used to model chemical
interactions and estimate metal speciation. This chapter
extends the use of MICROQL to model the actual interactions
between alkaline phosphatase and the metals zinc and
copper. This work is based on the assumption that the zinc
binding site of the enzyme acts as a ligand. A knowledge
of the outcome of competition between the metals for the
binding aite should allow one to predict the enzyme

activity at at given metal concentration.
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The concentration of the alkaline phosphataase-zinc-
pPNPP (E-Z-P) complex should be the factor controlling the
measured enzyme activity (Lehninger 1982). A conditional
atability conastant for E-2-P will be determined. An
accurate formation constant is required to estimate the
complex concentration. The formation of the alkaline
phosphatase-zinc-pNPP complex depends on the interaction of
both 2n*2 and pNPP with the enzyme. Kinetic experiments
were performed in which the concentration of either zinc or
PNPP was held constant at a saturating level, while the
concentration of the other was varied. Using the
Michaelis-Menten equation, the K for for both the subatrate
and the metal was detarnined. K is an indicator of the
stability constant between an enzyme and another substance.
If it is assumed that the binding of zinc and pNPP are
sequential events:

1. Enzyme + 2Zn <====)> Enz-2n

2. Enz-Zn + pNPP <====> E-2Z-P
the astability constants of the tricomponent complex should
be the product of the enzyme-zinc and enzyme-pNPP constants
(Rueter, pers. comm.). In other words, the log K of the E-
2-P complex should be the sum of the log K of each
substance determined experimentally.

The stability constant between alkaline phosphatase
and copper was determined in the second part of the

oxperiment. Copper is thought to inhibit alkaline
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phosphatase by displacing the zinc (Foy et al 1978). The

two notalslconpete for the same site on the enzyme. An
initial assumption was that the relative affinities of
copper and zinc for the binding site should be similar to
other organic ligands. Knowledge of the zinc stability
constant should allow one to predict the copper constant by
compariasons with tables of known values (Smith and Martell
1975). Although it was supported by the results, this
assumption may not always be valid. With stability
constanta for copper and zinc, MICROQL cdu;d be used to

pradict the outcome of competition of metals for binding to

alkaline phosphatase.
METHODS

The activity of alkaline phosphatase was assayed uasing
the method deacribed in Chapter III. The buffer (1 x10-3
NaHCO3, 1 x10-5S NTA) used in determining the Km of pNPP
contained 5 x10-6 2ZnCl. Five aubstrate concentrationsa
between 1.1 x10-6 and 4.4 x10-5 M were tested (Table IX).
In determining the K value for zinc, the pNPP concentration
was maintained at 4.4 x10-5 M. The enzyme was exposed to.
low 2zinc for four houra to allow zinc equilibrium to be
reached between the enzyme and NTA.

The chemical speciation for each zinc concentration
waas estimated using a Pascal version of MICROQL (Westall

1985). The program was run on a Zenith 151 PC (Zenith data



TABLE IX

A COMPARISON OF EXPERIMENTAL RESULTS
WITH THOSE PREDICTED BY MICROQL

2n conc experimental predicted experimental predicted

%10~ enzyme enzyme percent percent
activity activity Vmax Vmax
1 4.9 S.6 4.3 | 26 30 23
2 9.5 7.7 7.1 S0 41 38
4 11.6 9.5 10.5 61 SO S6
6 13.7 13.5 12.5 73 70 66
8 15.4 11.8 13.6 81 63 72
10 14.7 15.1 14.6 78 80 77
20 10.8 11.3 11.9 80 84 88
pNPP experimental predicted experimental predicted
conc. enzymne enzynme percent percent
x10 activity activity Vmax Vmax
1.1 S.0 5.0 7.6 27 27 40
2.2 9.8 10.5 10.8 S2 Sé6 58‘
4.4 13.0 -.- 13.8 73 -- 73
9.6 14.0 14.7 16.2 74 78 86

44.0 18.2 -.- 16.9 96 -- 90
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ayatema). A matrix (Table V) waa set up for the chaemical
components of the buffer. The satability constants used were
obtained from MINEQL data filea (Wastall et al 1976).
After the K waas determined for pNPP and 2n*2, the matrix
was expanded to include pNPP and alkaline phosphatase as
componenta. In addition to the enzyme-zinc-pNPP complex,
another apecies created by matrix expanaion was enzyme-H.
It was assumed that proton binding to the enzyme is similar
to NTA (see page 67) ao the NTA-H formation constant was
used.

The procedure for testing varioua formation constantsa
of the E-Z-P complex was to set the pNPP concentration at
4.4 x10-5S and the zinc concentration at 3.5 x10-7. Since
these component concentrationa gave an enzyme activity of
one half Vmax, the E-Z-P complex should be S0 percent of
the total enzyme present. The calculated -log K for pNPP
was 5.75 while it waa 11 for 2n*2, aso the sum 16.75 waa the
firat log formation conatant tried for the E-Z-P complex.
The E-Z-P to total enzyme ratio was determined for K values
between 15.75 and 18.50. At pK=17.85, the program
estimated a ratio of 0.53. As this>coapared favorably with
experimental ratio of 0.50, a computer titration of zinc
was performed. At each zinc concentration, the percent
enzymre saturation was compared to the percent Vmax
determined experimentally. The zinc concentration was then

set at 5 x10-6 zinc and a computer titration of pNPP was
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performed. Again the estimated enzyme saturation was

compared to experimental results.

The experimentally determinad binding constant betwean
Zn*2 and alkaline phosphatase (pK = 11) was similar to the
standard constant between 2Zn*2 and NTA (pK = 10.66, Smith
and Martell 1975). This suggeatas the metal binding site of
the enzyme may be similar to NTA. This information was
usaed to predict that the binding copper to the enzyme
should have a stability similar to Cu-NTA (pK = 12.94,
Smith and Martell 1975). The MICROGQL matrix was expanded
to include the species Cu-enzyme. A computer titration was
performed to predict the effect of increasing copper on the
concentration of E-Z-P. The results were compared to
enzyme activity determined experimentally. Six copper
concentrations between 2 x10-5 and 1 x10-4 M were tested
(Table X). The zinc concentration was maintained at 2
x10-6 M’ and the pNPP concentration used was 4.4 x10-5 M.

The data were also used to get an improved estimate of
the Cu-enzyme binding constant. The experimental
conditions which gave an activity of fifty percent of Vmax
were set in the computer. The K was varied slightly and an
eatimation of enzyme saturation was calculated until an

enzyme saturation of fifty percent was obtained.



A COMPARISON OF EXPERIMENTAL RESULTS

TABLE X

WITH THOSE PREDICTED BY MICROQL

Enz-Cu pK = 12.96

copper experimental
conc. enzyme
x10~9 activity
1 17.2 17.2
2 13.8 16.6
4 7.4 4.9
S 7.1 5.7
6 1.4 2.5
8 1.0 2.1
10 1.1 0.7

1 17.2
2 13.8
4 7.4
] 7.1
6 1.4

8 1.0

10 1.1

17.2

l16.6

predicted

enzyme

activity

18.0
10.6
)
4.5
3.8
2.8

2.3

experimental

percent
Vmax
92 o1
73 86
39 26
38 30
6 13
S 11
6 4
92 o1
73 86
39 26
38 30
6 13
5 11
6 4

)

S6

29

24

20

15

12

97

68

40 -

33

29

22

18

70

predicted
percent
Vmax



71

RESULTS

The Km of pNPP in the experimental buffer was 1.9 x10-6
M (pK=5.75). The pK of 2n*2 was 11. The first pK tested,
16.75, gave estimated enzymer-Z-p: enzymetotal ratio of 0.21.
Lovwering the pK decreased the relative concentration of the
complexed enzyme, while increasing the pK had the raverse

effect. At the experimental conditions that gave an activity
of one half Vmax, a pK of 17.85 led to an estimatiop of
enzymne saturation of 0.53. Table IX and Figure 14 ahow the
comparison of the experimental results with the calculated
activities. A linear regresaion showa a relationship of
0.96 between the experimental results and the results of the
simulated zinc titration. The relationship was 0.97 for the
pNPP experiments.

The praedicted resulta of.copper addition and experi-
mentally determined enzyme activities are presented in Table
X. The Cu-NTA stability conatant (pK = 12.96) is a good
initial estimation for the interaction between copper and
alkaline phosphatase. The model accurately predicts the
effective range of copper concentrations. Copper concen- ,
trationa below 1 x10-3 M decreased the activity of the enzyme
by leas then ten percent (Table X). Alkaline phosphatase
activity is inhibited if the level of copper increases
further. The exact enzyme activity at a particular copper
concentration was not accurately predicted. The model

suggested lower activity at low copper levels (¢ < 5 x10-5 M
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copper) and greater enzyme actiéities at higher copper
concentrations.

If the pK = 12.72, the model predicts fifty percent
enzyme activity at the experimental copper ECsg (3 x10~5
M). The results of the computer titration using this value
are in Table X. The predicted activities are closer to the
experimental results for the samples with < 5 x10-5 X
copper. The model still undereastimates the effect of

higher copper concentrations (Figure 16).°*

DISCUSSION

MICROQL can be used to predict the effect of aubstrate
and zinc concentration on the activity of alkaline
phosphatase. The assumption that the stability conatant of
the enzyme-zinc-pNPP complex is a function of the zinc-
enzyme and pNPP constants was supported. The difference
between the sum of the pKs for zinc and pNPP (16.75) and
the value which accurately predicted éxperimental results
(17.85) differed by only six percent. The success of the
model suggest that the binding of zinc ia a reversible
proceaa. This idea ia also supported by earlier results
(Figure 9, Chapter III).

Thia model can be uased to predict the effective range
of cupric ion activity. Inhibition is the result of
competition between zinc and copper for the metal binding

site of alkaline phosphatase. MICROQL is effective in
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estimating the outcome of metal-metal interaction if the
stability conatants between the componenta are known. This
reaearch has ahown that satiafactory results are obtained

if experimentally determined conastants are used.

Predicted enzyme activity ia greater than actual
activity at high (> 5 x10-5 M) copper concentrations.
Figure 15 is a graph of activity as a function of copper
concentration. A comparison of the predicted results with
theoretical enzyme inhibition equations (Lehninger 1982)
indicates the model assumes copper acts as a non-
competitive inhibitor. The requirements of a non-
competitive inhibitor are that its binding to the enzyme
prevents product formation, it does not bind to the active
site, and finally the inhibitor binds reversibly with the
enzyme. MICROQL also assumes that all reactions are
reversible. Although the formation of the copper-enzyme
complex may be chemically reveraible, inhibition haa not
been shown to be a reversible process.

The metal binding aite of alkaline phosphatase haa
ligand characteristics similar to Nitrilotriacetic acid
(NTA). The NTA-Me pK is 10.66 for zinc and 12.92 for
copper (Smith and Martell 1975). The experimentally
determined enz-Me pKs are 11 and 12.72 respectively. The
structure of NTA is three acetic acidas bound to a single
nitrogen atom. The carboxyl groups are involved in metal

complexation. This suggests the carboxyl groups of the
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amino acids glutamic acid and/or aspartic acid are likely

to be involved in the metal binding asite of alkaline

phoaphatase.

CONCLUSION

This investigation used the computer program MICROQL
to model the interactions between alkaline phoasphatase and
the metals zinc and copper. The goal is to be able to
predict the effect of perturbations in the aquatic
chemistry.

Experimental data and the computer program were uaed
to determine the conditional stability of alkaline
phosphatase with zinc, pNPP, and copper. The program
accurately predictsvenzyme activity at a given concen-
tration of the substrate or native metal. The model also
predicts the inhibitory range of cupric ion activity. The
exact enzyme activity at a given copper concentration could
not be predicted since the model assumes inhibition by
copper to be reversible.

The conditional stability conatants determined for
alkaline phoaphatase are similar to the known values for
NTA. Thias auggeats the metal binding aite of the enzyme is

similar to the chelator.



CHAPTER VI

CONCLUSION

The goal of this research was to determine how the
chemical interaction between aluminum and copper effects
the green alga Scenedesmus gquadricauda. The hypothesis waa
that the growth rate of the alga and the activity of its
enzymeg should be relataed to the concentration of the free
cupric ion. In the presence of both metals, increaasing the
alhhlnun concentration can lead to copper toxicity. The
resulta support this hypothesis.

A correlation (r2= 0.87) was obtained between the
growth rate of Scenedesmus and cupric ion activity.
sinilar correlations were obtained between the cupric ion
and the activity of bacterial (r2= 0.85) and Scenedesmus
(r2= 0.89) alkaline phosphatase. Correlations were not
found between any other chemical species and the growth
rate or activity of the Scenedesmus enzyme. The bacterial
alkaline phosphatase was also correlated to the total
copper concentration (r2= 0.88).

It waa found that the computer program MICROQL
(Westall et al 1976) can be used to model interactions of
enzymes and metals in agqueocus solutiona. Thia supports the
hypothesias that enzymes act a liganda. The model requires
the determination of conditional stability conatanta

between the enzyme and the metala. One can predict the

affect of changing metal concentrations on enzyme activity.
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An unexpected result was the apparent protective
effect of low aluminum concentrationa. The growth rate and
enzyme activity were greater at a given cupric ion concen-
tration if some aluminum was present (Figure 2, Table VI).
Thia may have either a chemical or biological explanation.
MICROQL may not accuratly predict the interactions of
dilute aluminum solutions. The apparent protective effect
may actually be‘the comparison of the biological parameters
to an overestimation of the cupric ion activity. It is
also posaible that aluminum does protect from copper
inhibition. As discussed in Chapter III, aluminum ion may
bind to sensitive sites on enzymea. Thia binding does not
inactivate the enzyme, but delaya or preventa copper fron
binding.

Thia research has shown that aluminum exerts a toxic
responae by influencing the metal speciation of a systen.
In terms of applying the results to environmental problems,
this observation is more important than the actual effect
on Scenedesmus. As the concentration of aluminum is likely
to increase in lakes affected by acid rain, an under-
standing of the nature of toxicity is required for optimal
nanagement of the problem. This thesis has presented a
mechaniam of toxicity that haa not been diacussed in the
literature.

The effact of acid rain on algae ia not of much

concern (Dillon et al 1984). Scenedeamus was choaen asa a
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teast organism because of the ease of maintaining a

chemically defined medium. The proposed mechaniasm should
now be tested in more complicated systems. A study with
zooplankton could determine if the effect of metal
speciation is similar between plants and animals. The most
important organiama affected by acid rain are fiah.
Although maintaining a chemically defined medium is
difficult, a aimilar study with fish could be directly
applied in the environment.

The results of this research suggest the type of lake
that may be sensitive to increased aluminum. If changes in
aspeciation are to be significant, the concentration of a
toxic metal must be high relative to the number of
complexation sites or ligands available. A lake that is
low in dissolved organic material but with a high
concentration of copper or other toxic metal would be
susceptible to changea in aluminum concentration. Field
atudiea in such a lake could be done with aome of the
techniques used in this research. Posasible experiments
include gstudies in which the metal concentration is varied
in individual enclosures in lakes. Thia would allow the
testing of the effect of metal interactions on natural
populations. The use of alkaline phosphatase assays could
be used to quickly estimate the interaction between the
environmental chemistry and biochemistry in natural water

samplas.
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SUMMARY

This research was performed because of the increase in
aluminum in lakea impacted by acid rain. The reaesult
auggests that aluminum can exert its effect by interacting
with the aquatic chemistry of the system. Aluminum alone
wa; found to have little effect in all the systems
inveatigated. But in the presence of copper, increasing
aluminum concentration had a large effect. In these
experiments, aluminum displaced copper ions from the
chelators present in solution. The copper ion is the
actual toxic agent. Of course, copper is not responsible
for the loss of organiams 1h all lakes affected by acid
rain. The exact toxic agent would depend on the relative
concentration of all metals in a particular body of water.
The important point is that the overall metal chemistry
must be taken into account before a direct cause and effect
between an increase in aluminum and ﬁoxicity can be

astablished.



APPENDIX A

COPPER AND LACTATE DEHYDROGENASE:
INHIBITION OF AN INTERNAL ENZYME

INTRODUCTION

An internal enzyme should ahow different sensitivity
to metal toxicity than a enzyme exposed to the environment.
Due to charged or polar nature of many organic molecules,
the cytoplasm haa numerous potential metal binding sitea.
The binding of metals to "“safe® or unaffeétcd sites
decreases the free metal ion activity. A greater total
netal concentration may be required tolinhibit an internal
enzyme. The time frame of metal inhibition is different
for an internal and external enzyme (Rothatein 1959).
External enzymes are immediately exposed to the changes in
the chemistry of the environment. A metal must diffuse or
be taken up into a cell before it can affect an intaernal
enzyne.

My goal was to atudy the effecta of aluminum and
copper on an internal enzyme and compared the results to
those obtained for alkaline phosphatase. I chose to try
lactate dehydrogenase (LDH) because it ias a zinc metallo-
enzyme (Ochiai 1977) that should be present in algal cellsa.’
Unfortunately; a method could not be found that would allow
for the extraction of the enzyme while maintaining defined

conditions suitable for trace metal studies. This appendix
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diacuaseas the work that waa performed with imoclated LDH and

describes the extraction techniques attempted.

METHODS

Isolated LDH Experiments- The enzyme lactate dehydrogenaae
(LDH) catalyzes the reaction:

pyruvate + NADH <=====> Jlactate + NAD
LDH activity is meaasured by following the disappearance of
NADH in a spectrophotometer at 340 nm.

The first goal waa to determine the Vpax, K , and enzyme
saturation concentration. Lactate dehydrogenase (Sigma
Co), waa diluted to 1.5 units per milliliters in 1 x10-1 N
Tris. Six concentrations of pyruvate (Sigma Co) were
tested, 2.8 %10-6, 5.5 %10-6, 1.1 x10-5, 2.1 x%10~5, and 3
x10-S M. Two milliliters of a 1 x10-1 M Tris solution was
added to a cuvette. To begin each assay, 0.1 ml of the
LDH-Tris solution was added to the cuvette. The absorption
of each sample was recorded every two minutes for ten
minutes. This experiment was repeated using a 1 x10-3 M
buffer.

The effect of three concentrations of copper was
determined. Copper (5 x10-2 M CuSO4) was added to 20 nl
samples of 1 x10-1 Tris to bring the final concentration to
2.5 x10-4, 2.5 %x10-5S, and 2.5 %10-6 M. Two milliliters of
the LDH-Tris solution deacribed above was added to each

sample. Two milliliter aubsamples were used in the enzyme
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asgays. O. 25 ml of the pyruvate and 0.25 ml of NADH were

added to the cuvettea to begin the aasays. The activity of
the LDH was determined at time zero, 2 houra, 8 hours and
24 hours.

The effect of copper in a aolution of 1 %10-3 Tris was
then inveastigated. Six concentration of copper between i
x10-8 and 1 %x10-3 M as well as a copper free control were
teated. For each experimental concentration, 35 x10-2 M
CuS0q was added.to ten milliliters of the Tris buffer,
Twelve units of LDH was added to each sample. Assays were
performed in 1 x 101 M Tris. A similar experiment was run
teating the effecta of four aluminum concentrations between

1%10-7 and 1 x10-4 M.

LDH Extraction technigues- Standard biochemical enzyme
isolation techniqueg (LeJohn and Stevenaon 1975) could not
be uaed to aasaay the activity of Scenedesmua lactate
dehydrogenase. Metal aspeciation would not be maintained in
a multi-step, multi-buffer process. The firat goal was to
determine if LDH activity could be analyzed if the cells
were gently ground. Scenedesmua quadricauda was grown in
enriched Fraquil (2x NaNO3, K2HPO4). For each sample, 100
ml of a week old culture was centrifuged (International
Centrifuge Co.) at 2000 rpm for five minutes. The pellet
was transferred to a cold (S ©C) mortar. Three milliliters
of SOC 1 x10-1 M Tris were added and the cells were ground

for two minutes. The mixture was centrifuged at 2000 rpm
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for five minutes. Two milliliters of the supernatant was

tranaferred to a cuvette. The change in absorption was
monitored for five minutes. 0.25 ml of NADH was added and
the sample was monitored for an additional five minutes.
These steps were taken to determine the background change
in NADH concentration. The enzyme activity assay was begun
by adding 0.25 ml of the pyruvate aolution. The change in
absorption was monitored for thirty minutes.

LeJohn and Stevenaon (1975) suggest that LDH can be
extracted in a Tris(1l %10-1 M)-acetate(2 x10-3 M) buffer.
This solution was used in the test of another extraction
technique. 100 ml of culture was filtered through a 25mnm
glass fiber filter (Gelman Sciences, Type A/E). The
filter and three milliliters of the Tris-acetate buffer
were placed in a 15 ml glass tissue grinder (Wheaton
Scientific). Some of the samples were ground using an
electrical motor driven teflon pestle, while‘other were
ground by hand using a ground glass pestle. Various
grinding times were tested. After a sample had been ground,
the mixture was centrifuged at 2000 rpm for five minutes.
The LDH activity was assayed using the method described
above.

Aa aome enzymes are inactive or preaent in low concen-
tration in the absence of their substrate, the effect of
pre-exposure to pyruvate was testad. A stationary phase
culture was split into two 100 ml samples. One milliliter

of 2.27 %104 M pyruvate was added to one of the samples.
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After twenty-four hours both cultures were assayed for LDH

activity. The filtration technique discussed above was
used. In all caseas the filters were hand ground for one
minute.

Sullivan and Volconi (1976) explain how internal
enzymes of algae can be assayed by dissolving the cell
membrane. Two solvents were tested. In the first method,
0.001 v/v toluene in 1 x10-1 M Tria was prepared. 100 ml
of a atationary phase culture was centrifuged and the
pﬁflet was added to five milliliters of the Tria-toluene
solution. The sanple.waa mixed for five aseconda in a
vortex test tube mixer every 30 seconda for five minutes.

The sample was then centrifuged (2000 rpm, five minutes).
'The toluene-Tris solution was removed by suction and
replaced with five milliliters of a 1 x10-1 Tris solution.
Pyruvate and NADH (0.5 ml each) was added and tha 2.5 ml of
the sample was filtered into a spectrometer cuvette. After
one hour the remainder of the sample was filtered and its
absorption recorded. 1In the second method, two drops of
the detergent Triton-x was added to five milliliters of a
culture. After five minutes of gentle mixing, the sample
was centrifuged (2000 rpm, five minutes). The Triton-x
aolution waa replace with five millilitera of the Trias

buffer. The above assay method was repeated.
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RESULTS

Isolated LDH Experiments- The experiment using 1 x10-1 Tris
indicates that a pyruvate concentration of 2 x10-5 M was
raquired to saturate the isoclated lactate dehydrogenase.
The diluted enzyme in the absence of copper lost twenty
five percent of its activity in twenty four hours. In the
presence of copper less of a decrease was noted.

LDH could be maintained in a 1 x10-3 M Tris solution,
but a an assay could not be run at this buffer concen-
tration. Table 11 showa the results of copper exposure.
All the copper concentrations tested had some effect on
enzyme activity. 1 %108 M copper had little effect over
the firat eight hours, but after twenty four hours the
activity was lower than the control rate. At time =zero,
the activity of the enzyme exposed to 1 x10-7 M copper was
only seventy five percent of the control. The activity
continued to decrease with time. There was no activity
after twenty four hours. At time zero the LDH exposed to 1
%106 M copper had an activity of forty percent of the
control. No activity was found at eight hours. At a copper
concentration of 1 x10-5S M, the time zero activity was
twenty five percent of control, There waas total
inactivation at thirty minutes. Higher copper
concentration cauased an immediate inactivation of LDH. LDH
activity did not depend on aluminum concentration. Samples

exposed to low aluminum concentration had activities lower
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than control, while those exposaed to 1 x10-5S and 1 x10-% M

aluminum had activities higher than control after twenty

four hours.

LDH Extraction technigues- None of the extraction methoda
teated were effective. Although activity could be
determined in some samples, reproducible data was not
obtained. Pre-exposure to pyruvate did have a noticeable
effect. The measured change in absorption was 70-80 times
greater than the pyruvate free sample, but the absorption
increased instead of decreased as expected. This indicates
another enzyme syatem was activaied by the addition of

pyruvate.

CONCLUSION

Internal and external enzymea ahould have different
responses to metal toxicity. My goal waa to inveatigate
the effect of the aquatic chemistry of aluminum and copper
on the activity of lactate dehydrogenase in Scenedesmus.
Results obtained for this internal enzyme were to be
compared to results using the external enzyme alkaline
phosphatase. Experiments were performed in an effort to
develop an extraction technique that would allow the
reproducible measurement of LDH activity while maintaining
conditiona asuitable for trace metal astudies. None of the

techniques attempted produced consistent results.
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