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INTRODUCTION

Hemocyanins are copper=-containing respiratory pigments
found in s wide variety of invertebrate species. Larly
studies of the protein, discovery of its oxygenebinding
ability in 1867 end proposal of the neme "hemocyanin" in
1878 heve been reviewed elsewhere (57, 101)., The reaction
between oxygen and hemocyanin is a particuler example of a
large class of reections, which do not involve the formation
of chemnical bonds in the conventional sense, so-called
reversible associstions. The mechanisme of oxygen binding,
by which respiratcfy proteins funetion in 02 transport and
storageé in the enimal kingdom, remain unknown even where

the whole protein and the active site have been highly
characterized as in hemoglobins end myoglobins. Hemoecyanins
present additional problems, however, as both the oxidation
stete of the copper and its mocde of binding to the protein
ere unknown. A4pproaches to the study of this molecule con-
veniently fall into four cetegorles. O(ne deals with physical
aspects, molecular weights and conformation of intact
aggregates and subunits. The other three deal with chemicel
aspects, such ss the resction of hemceyanin with oxygen,
attempts to determine the ligeads of copper and attempts to
determine the valence of copper,

I Pbhysical Characterizetion of the Protein and 1ts Subunits

T

Lo liolecular Weight.
lemocysnins were among the first proteins %o be studied

in detall by physical methods. For many years the survey of
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molecular weights of hemocyanins from over sixteen species
showed & large range of values which weren't always repro-
ducible (28, 101)., PFinally Svedberg and go-workers showed
that the molecules cen undergo reversible associstions de-
pending on conditions of protein concentration, ioniec
strength and pH (12l). Components of highest moleculer

6

weight, e.z. L x 107, 8__ w 60, exist in e pH renge which

20
includes ths 1soelectric point, 3Smaller, homogeneous come
ponents, e.g. 25, 16 end 58 in erustacea, appear on the
alkaline side of the isoelectric point (121)., They can be
reversibly formed within a pH stebility range of L=9, with
slight varistion eccording to speclies,

4

necessary to insure the full extent of reversibility of

The presence of divelent cations, 10~ strength is
subunite to the intact aggregete (127, 128). In the pres=-
ence of 0,01 M Ca(II} or Mg(II} the dissociation of Helix
pomatia moleeules doesn't begin until pH 11 (129), where
under normal conditions sn 1rreversible densturation would
have ocecurred, In a separate study (130), the presence of
Mg(II) ioas in 0.01 M concentration stabilized the 588 pH 7
structure of squid (Loligoe pealei) hemocyenin to pH 10,
where otherwise a 198 component ﬁould have appeared at

pH B, This influence of divalent catlions mey be similar

to that found for Ca(II) with elphs amylases (37). ca'
is a stebilizer of alpha amylases and its participation In

the enzymatic activity hes recently been ascribed to the
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metal producing "intramolecular cross links similar in funce-
tion to disulfide bridges, which confer . . . the structurel
rigldity required for effective catalytic activity™ (37).

The moleecular weights (m.w.) of hemocyanins (@.5—@.ux1@6)
are higher then those found for other eopper proteins,
generally about 1.51105, or less (4O}, They vary according
to species, from 0.?8:106 in lobster plasmas to 6.7x106 in
snail plasms, Some aggregates have been reported with
molecular weights of 10 millien (32). It has been suggested
that these molecules may represent "the limit of size
which has stebility without developing the heterogeneity of
structure displayed by true corpuscles and eells® (102},
They are exceeded in molecular size only by the viruses.

The copper content varies from 0,15 to 0.25% by weight (40).
kvidence that the molecular weights of these proteins
may be simple multiples of a unit molecular weight has
acoumulated since this was first suggested by 3vedberg and
Heyroth in 1929 (120), The high resolution techniques of
eleectrophoresis and stareh gel chromatography have been
applied mainly to arthropod hemoeyanins and at pHs on the
elkaline side of their isoelectric points (84, 139), From
five to fifteen distinet protein zones have been found in
various arthropod sers using borate-buffered starch gel,
in the region of pH 8 (8l)., This suggests that the alkaline
disscclation producte, baving ultracentrifugal homogeneity,
may net be identical with respect to charge since the number

of zones exceeds the number of sedimentation components,



Be Tertisry Structure

Elsctron mieroscope studies on gastropod and crustacean
hemocyanins (127, 128, 129) at neutral pH have revesled
eylin&rical aggrogataa with dismeters from 80-100 & and
bheights of about 140 A. depending on the number of parallel
layers of subunitas, Dissociation is believed to occur by
the separation of these layers into shorter, hollow right
¢ylinders. The observadAprojoetions of the 168 component
of crustaceen hemocyanin, at pH 8.2, are compatible with a
model aanaiating of eight subunits lying on the corners of
& cube, The 238 component would be a dimer of twe of these
cubes (127). The most recent sedimentation snalyses of e
hemoeysnin (squid) reveal the prinecipel stable assoeiation
products of an‘lxs, m.w, 385,000, pH 10 component to be a
dimer, 198, m.w. 770,000, pH 8.9 and e decamer, 58,7S,
m.we 3,750,000, pH 7 (130, 131). Informetion sbout the sym=
metry of each component, from friectional ratios, is consis-
tent with & split of the decamer, along & plane perpendicular
to the eylinder axis, into five 195 structures, each of
which ylelds two 118 structures., Combining van Bruggen's
view of the 115 monomer ss a cube with the total copper eon=
teat of the aggregate allows estimation of an average numher
of eopper atoms per oube, The copper content of the decamey
is .26 weight % of 3.75x1ﬂ6 or 9.75x103. If one assumes
uniform distribution of the copper and each of the ten 118

compouents of the decamer to be a cube, the interesting value



L
of sizteen copper atoms per cube resultes. Two coppers compeie
eing an sctive site, for exemple, may be regulariy distributed
st each of the eight corners or frees of s cube subunit,
There have been only two positive fopor%a of subunit setivity.
The activity of s subunit of an arthroped hemceyanin was
messured by reversibility of aaexygiantiﬁnCQS). It wes obe
served to decrease in proportion to the length of time the
solution wes maintained in e deoxygenated stete, Two stadble
disgocistlon products of a decapod hemocyanin were reported
to reversibly combine with oxygen (130).

There fs no slteration, detests
snalysis, in sither tertiary or gquarternsry structure of
hemocyanins, upon removal of all the copper using eyanide

{86, 181). Recent optical rotary dispersion date confirm this
and also indlcste that no apprecisble change in proteln cone
formetion oeceurs on oxygensting bemoeyanin (38, 131). There
may howsver be soxze line strustural alteration, so far une
Aaﬁ«attd by these methods, upon eycling the protein between
Tully oxygennted 2nd deoxygenated states, synt&»tiﬁ reversible
oxggen-carrying chelsates have boen observed to deteriorate

to 00 and 708 of thelr originel setivity upon repested

eyelings (133). While optieal rotation is a phenomensn which
depends on fine symmetries of a molecule (78), there is
evidencs that it is not as sensitive to some structural
¢h&ngon’1n copper proteins as optical and elsetron spin

resonance (ESR) speectroscopy. kore draeti¢c denaturstions of
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lacease and ceruloplasmin, by ures, were necessary to bring
asbout changes in opticel rotetion comparable to the loss

of color and appesrance of a Cu(IX) ESR signel (82), On the
other hand, there la evidence that the oxygen cerrying pro-
perty of synthetic chelates (133) may in part depend upon
the existence of holes or erevices in the orystal lattise
which are large enough to sccomodate the oxygen molscule,
This has also been suggested for hemoglobin (24).

IT Ihe Ressction with Oxygen

A, The Statistical Ratio, Cu/0,

- The generally accepted stolechiometric ratio between Oz
bound end eopper in oxygenated hemocoysnin (HC) is 1:2, This
ia based on three independent series of chemicel enalyses,

all madé before 1941, Ueing a Van Slyke constent volume
apparatus, KGN to relesse dissolved oxygen and pyrogellol

or hydra#ulrita to resbsorb it, and electrolytiec sapaiatian
of eopper with subsequent titration by thiosulfate, a simple
ratio of one copper atom to one oxygen atom was obtained

rbr each of thirteen specles teated (103, 50, 98)., Rawlinson
(98) reported from 2,04-2.3l or an average of 2,12 atoms
Cu/molecule 0, for a erystallized HC from creyfish. These
are of course statisticsal ratios and c¢cannot be used as ex-
clusive evidence for the participation of two copper atoms
per scetive site., The ratloc would be the same, for example,

if one half of the total copper were funetioning for struetural

stebility, while only one copper is sssociated with an oxygen
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molecule at each sctive site. A very important part of the
study of hemocyanins therefore resides in the snslyses of
the oxygenatlon resction,

B, The Oxygenation Reasction
The combinetion of & respiratory pigment with molecular
pxygen cen be approximately described by the Hill equationt
(p/gy)" K(x)®

—
r—4

i +(p/;?50)n 1+ K(x)?

where ¥"1s the degree of oxygenation,"p"is the oxygen pressure

in mm Hg, "P_ " i3 the oxygen pressure at half saturation,x:-pl,

b

50

K" 1s a constant end "n® is the sigmoid coefficient, a
measurevof interactlon between oxygen-combining sites. This
equation was empirically arrived at by A.¥, Hill in 1910 (56),
in an attempt teo explain the differences emong observed
oxygen equilibrium curves on ths basis of aggregations of
¥molecules™ of hemoglobin, each with a minlmum molecular
weighflof 16,600, His primary resction for the oxygenation
of heméglobin was: Hb,+ 202'E:Hb20h from which he derived

the Hill aéuations

I K = -

[ N SR S e

{1=y) (02)2

i

(H,) (0,)°



II KV (p0,) — K (1) (0,)% = 3 or
v 2 2
K’(Poz) = 3**&'(y)(p02) therefore

| K'Gpﬂz)zz y{la+ Kt (poz)a)

III 2
K xR k' (p0,)
14X x° 14K (poa)a
The ratlo betwsen the number of bound 0, molseulss and the

number of single active sites is expressed in "n®, The

shape of the curve represented by the genersl equation III,
when "y* 1s plotted as a function of "x", is determined by

the order of the equation, the val ue of "n®, If "n" equals

one, the resulting ecurve is e section of a rectangulsar
hyperbola and each oxygen molecule combines independently.

If "n" is greater then sne, the eurve becomes sigmoid and
cooperative interaction exists among the oxygen~combining sites,
The log form of equatioh I allows repid determination of "n"

from experimental date,

n J ) y
K (pOz) E e— } 1if x=log K' (902) and y =log ==
l-y 1=y

in y=mx+b

vy
then b+ a log (K (p@e) )} = log wwme

ab"y



Hills equstion le en oversimplification of the oxygen
eguilibrium with Hb and in fect doesn't fit the best data
very well near O or 100% oxygenstion. Although it was
originally based on false assumptions of equilibria between
colloidel hemoglobin aggregateé and oxygen, it has worked
80 well because sn ildentical equation results as an approxie
mation of an exaet expression relaiing proportions of oxygen
bound groups on & single multivalaﬁt macromolecule (68),

The oxygen equilibria for hemeecyenin sera show great

variety in both P_  and "n" values. with species and sre

highly dependent gg speeifievaanditiona for individual hemo=
cyanins. The Pgp values vary from 1 mm to about 16 mm
emong differing specles and with pH for any particular one
(102, 107). A bigh CO, pressure or decreased pH tends to
disscciate oxygenated bamcglobin, promoting gas exchange in
cells. This inecresse of Psb with decreazsed pH is known as
the Bohr effect and in the ecase of hemoglobin may be related
to the meidity of an imidazole (134). If similar data for
hemoeysnin are compered, i1t will be sesen that a plateau of
kighest P50 values falls in the neutral reglon md oxygen
affinity ineresses demonstrably on both acid end alkaline
sides (105, 107). "This wouid aeeoﬁnt for disagreement on
the point of whether hemoeyanins exhibit a poaitive, the
abaence of or a reverse Bohr effect, especially in ceses

where measurements were confined to the physlologlicsl range

(106) or one side of it (102),
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The equilibria for hemocyanins of selected species of

cephalopods and gastropods conform to Hills equation taking
"a® squal to 1, 2 or I “only at certain pH values®™ (102),

In fact, the value of "a"™ not only varies significantly with
pH for the same hemocyanin, but in several cases changes
above 50% saturation at & single pH (107). This dependence
of "n" on degree of oxygenation was observed but not recogniged
in earlier studies (105), either beceause measurements weren't
made in ﬁhe region of 50% saturation or the results were de-
seribed as not conforming to Hill's equation. From the date
svailable it appears that "n® increases more sharply above
log -z-==0 {105;107}. In slkaline pHs, "n" ranges from
1.5-,ﬁ:§ at pH 8.1, and may even deerease at acid pHe (105),.
In other words,the influence of oxygen on the interaction
of active sites seems greater when the molecule 1s reversibly
disscciated, These may be ective sites eit her within the
same subunit, or between subunits, in which case "n® would
have the original Eill meaning. In this latter case one
would have to propose that oxygen concentration influences
the state of sggregation. This is not asltogether unlikely
since the state of eggregation is very sensitive to pH and
there is evidence that oxygenation makes some hemocyanins
more acidic. Oxygenation decreased the dissociation constant
of a divalent acid or basic group in Homarus by sbout 0.8 to
0.9 pH units, This was not observed with Limulus, {(112),
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This would also be consistent with the absence of or & smsll
change in "n™ at 504 oxygenation and pHs at or less than
neutral.

The presence of Ca{II) ions in the ratio of mbout 70 to
140 moles per mole of erayfish hemocyanin hes recently been
shown to meximize the "n" snd minimize Psb (107). In this
case "n" refers to the interaction of active sites within
the same molecule, since the Ca(II) concentrations {.03-.06 M)
are well within the range preventing dissociation of subunits
until pB 9. In the presence of Ca(Ix) a reverse Bohr effect
is seen sharply on both sides of pH 6, in these studles on
orayfish HC, while in the sbsence of Ca(II) there iz a
plateau region of higheat PSQ between pHs 6 and 8. It is
likely that the use of cd eium will allow greater distinstion
between two pH dependent phenomena, the state of aggregetion
and the ionizatlon of ligands at the active site, These
are sspectd of the oxygen equilibrium reaction which have
only recently been reopened and it remaine to be seen whether
& predictable behavior of both "n" and Pgy values with vary-
ing pH and divalent cation eaneantfation ars charscterisiie
of a particular type of hemooysnin,

The Ilnteractlion of hemoecyanin with gases other than
oxygen has not been studied in such detail. In the course
of much early work on hemocyenin, it was observed that the
deoxy protein, in the presence of Hy or By » remains colorless

when exposed to inert gases such as methane, ethane and
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acetylene (29). There is recent evidence that a colorless
carbon monoxide complex ls formed (132), while two reports
that such a compound does not exist have gppoarad in the
literature within the past five years (58, 138), 4 green
solution was reported to result from the reaction of deoxy
hemocyanin with nitric oxide, NO (29). This matter has
been pursued in the present thesis,

C. Physiologiecal Function of Hemoeyanins

Hemoeyanin contalning bloods vary in oxygen binding
capacity according to the organism in which they oc¢eur. That
+the blooda of cephalopods funetion physiologically as oxygen
carriers hes been established by cbservetion of color change
as it passes through the gills, and analyses of oxygen
and carbon dioxide e¢ontent in arterial and venous bloods of
squid and octopus (104). The blood of thess most active
marine invertebrates, belonging to the highest class of mole
lusc, contains sufficient hemocyanin to enable combination
of 100 ml v th i-5 ml of oxygen (102). In less asctive
clasgses the concentrations of hemoeyanin are smaller and it
is not completely certain that they function in oxygen
transport. It has been suggested that the large protein
molecule may serve as food storage (1ll) or be infiuenced
in 1ts role of oxygen transport during moulting by a changed
in vivo caleium concentration (80, 107).

There also seems to be no clear rule sbout the distribu-

tion of hemoecyanin and hemoglobin, Some snails, gastropoda,
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another class of molluses, use one, some¢ the other and one
species, Busycon, uses hemocyanin as a respirator y pilgment
yet hes myoglobin in some of its muscles (6). On the whole
these properties appear to be related to the respiratory
problems which confront different kinds of enimals,.
IIT Ligands of Copper

| The copper in copper proteins, such as laccase, ceru-
loplasmin, erythrocuprein and hemocyanin, is not easily reo-
moveble by dialysis between pH 5 end & (4O). This is one
festure which distingulshes copper enzymes and proteins from
a metal ion sctivated enzyme, &.g. carboAypeptidase. The
bonding in coppoer proteina must alsc be distinguished from
the atrangvbut dissociable bonding between copper and a
non apecific protein, e.g. serum albumin. No conclusions
about &ccaésibility of the eoppef or the pks of bondlng
groupe in hemocyanins can be drawn from the fact that the
copper becomes dialymeble at pH i« The failure of bulky
copper complexing agents or ion exchange resins to produce
the apo=protein at neutral or siightly elkeline pHs indilcate
thet the copper is inaccessible. Failure of attempts to
obtain & copper containing peptide by proteolytic enzymes
(57) suggest the copper bonding mey involve the proteints
tertiary structure. An irreversible dissocistion of subunits
begins below pE l making it difficult to determine whether
the copper 1s released from groups with pEs in this region
or by the dissociation of subunits bound by groups with pKks
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in this region,

It has generally been aeeépteﬂ, since 1950, that the
copper is directly bound to & section of protein and not
a prosthetic group of & porphyrin type. Zarly attempts
to isolate & prosthetic group by alkaline degradetion re-
sulted in varied reporte of black mmd green Cu-polypeptide
products. In 1940 (98) derk green homogeneous erystals,
containing &l 1l the copper, were obtained reproducibly by
alkaline degradation (10% KoH, 60° ¢, 30 min) of ecrystalline
crayfish hemocyanin. There was no report on the reversibllity
of the pH effect. Since & erystellised hemocysnin or de-
gradation product may represent an altered, not a physio-
logicel material, this eriterion has lost much of the impors
tence formerly attached to it., If a functional hemoeyanin
eould be reconstltuted from a well=-characterized green
degradation product, however, such crystals would besr re-
exemination by ESR, Sinee Cu(II) ions combine easily with
many peptides at high pHs, most degradation products are
balieved to be artifacts, probably fragments conteining
copper sulfide., These earlier studies were reviewed with
complete bibliographies in 1948 (28), 1950 (102) end 1962 (42).

In the past decade there has\heeh o renewed attempt to
1dentify the ligends of copper at the active site, using
specifis bloeking agents and modern titration and spectro-
photometric teeshniques, Certain investigators of long

experience have committed themselves to the presence or
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absence of copper-nitrogen or copper sulfur-bending on
the basis of their observations. The presence of nitrogen
or sulfur &t the active site therefore remeins to be
established,

The kinetics of the removal of copper from Limulus
end Buayaon hemocyanins were studied in 1954 (35). Where
®RE is & copper binding group on the protein:

‘ (Cup)

For ROu, = RCu-+Cu(I); ky=

2 {cu(1)) (RCu)
{RCu)
nnd Rﬂn: R*Cu{f}g kv_ [ e

5 2 (R) (ocu(1))

then 2Cu(I) -+ 2CN = 2CuCN

The concentrations were calculeted by spectrophotometrie
and chemical analyses and the association constants kl and
k, determined were of the order of 1017 - 1019, Although
the only copper amino acid complex with & constant in this
renge is cuprous cysteine {l.leOlg). the evidence is in-
conclusive ainée e pair of amine groups could probably bind
copper with similer strength (15).

The visible sbsorption spectrum of oxy HC was somparsd
with that of Cu(II) bovine albumin in 1955 (69). The copper
"is bound to the albumin by a single thiol group with poasible
involvement of carboxyl groups since the mehhylated protein
shows reduced binding while the acetylated one shows no less
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of ability to interact with eopper (68)., Oxyhemoeyanins
have characteristic bends at 340 and 575 mu and the cuprie
albumin sbsorbs at 375 mu end broadly at 550, A model in
which sach copper 28 Cu(I) is bound %o a.eyateine thiol
-group at the sctive siﬁa was proposed. Thils model may ex-
plein the nondialyzebility of the copper and, if partisl
oxidation of the metal occurs in the presence of oxygen,
mey also aceount for the higher extinetion (5-10 times
greater per gram copper) which distinguishes hemocyenin
frém the simple Cu{II) protein ecomplex, The enhanced ex-

' rises frou sharge transfer
transition between Fe(IX)- Fe(III) (108).

The Cu(I) - 8 linkage was challenged in 1958 on the
basls of evidence obtained with group specific replacement
and blocking agents (75), Resgents such as silver ions or
mercurle chloride which can displace copper in the elbumin
complex failed to do so in Helix hemooyasnin. A reconstitu~
tion of thﬁ hemooyanin spectrum was also obtained in this
study by Lontie upon addition of cuprous copper to an apo
protein in whish the 8H groups had been blocked by He
ethylmaleimide or POMB, Since recovery of hemoeyanin activity
was measured by optical density at 340 mu and not resyeling,
it is unsure whether a quentitetive reconstitution of the
native protein had sctually been made. On the other hsnd
the same investigators were the first to restore an apo

hemoeyanin to 100% physiological activity (7l) by refinement

¥parachloromercuribenzoate
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of techniques used by Kubowitz (72). Curiously, the in-
volvement of SH groups is not completely ruled out by this
observation even in the case of 1004 functional réennazitu-
tion of the blocked apo protein. The necessity of unfolding
both the native and apo proteins with 8M urea in order to
get reproducible amperometrie titrations of thiol groups
(86) implies that sulfur groups sre well masked in both
materials. The release of & highly stabilized Cu(I) copper
may be accompanied by a masking resrrsngement or resction
of the ligand atoms, reversible under reducing conditions.
The apo-protein can be reconstituted either by anserobie
combinatiau with Cu(I) (74) or addition of Cu(II) followed
by reduction with dithionite (118).

The involvement of two imidazole groups in the copper
binding wes suggested (75) ms an alternative to the Cu(T)
sulfur linkege., This would be consistent with titration
curves and stebility regions obtained for normal and copper
free Helix hemooyanin, The apo protein dissceciastes by
sedimentation analyses around pH 6.5, sbout 1.3 units lower
than the native HC, a difference which also appears in the
titration ocurves. The eritical negative charge is reached
sooner in the copper-free material, in the region where
imidazole groups lose protons. However, Just as the pH of
a fres amino acid is &l tered (decreased) in a metal complex
(30, 6l4) 1t also may be influenced by neighboring groups,
This mekes direct extrapolation to histidine residues difficult,
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The earlier dissociation of the apo protein 1s partieularly
interesting from another aspect. Since no mejor conforma=
tional change occurs simply upon removal of the Cu (86, 13},
it implies that the subunit binding groups are very close
to, 1f not identical with, some copper binding groups.
Dissociation doesn't begin until pH® when there are groups
with pH & altar@d by the presence of copper. The junetion
between subunits 1s more labile to lnereasing hydroxyl
ion concentration in the absence of copper.

Amperometric titration of thiol groups in native and
apo Cancer magister hemocyanin gave further apperent evidence
to meke the unifcrm binding of ell active coppers through
sulfhydryl less probable (86). The appearsnce of abouk five
new 8H groups corresponding to the absence ol about 20
copper atoms in the apo proteln gave an average of one SH
group for asehvh.z atoms of coppsr removed. The significance
of this ratic is somewhat in doubt, however, since denatura-
tion of both the native and apo protein with 8M ures was
necessary to mske 1t reproducihble. Any copper released
from the active sites by thils treatment of the native protein
could then mask SH groups not involved at the active slite,
The seriousness of an error from this source in not great,
however, since the difference found is net large. A more

serious scurce of error iz the formation of disulfide bonds

from free SH groups during the actlon of urea, This
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phenomenon, which might also cecur in the absence of 0 {17)
would prevent a true comparison. It was fully deseribed
only after the hemocyenin work wes done and protection of
these groups 1s now made in amperometirie titrations of
hemoglobins,

The observetions which indicate that sulfur 1is at the
active site are as indireet as those whieh eliminate it
from the mctive site or point to nitrogen, The most recent
speculations about the ligends of copper in hemoeyanin are,
perhaps evén more indirectly, based on snalogies between
the specira of Cu(I) end Gu{II) models end that of hemocyanin,
RedoPs Willlems (138) concluded that HC contains e cuprous
eopper bauﬁd to two sulfur atoms from consideration of
1)} the known absorptiocns of Cu(I) thiocl, oxygen and dipyridyl
complexes, 2) the comparative polerizsbility of sulfur
compared to nitrogen and oxygen snd 3) the steresochemistry
of Cu(I). The sulfur, oxygen and nitrogen model complexes
2ll have strong absorbencles between 300 snd 600 mu, with
the Cu(l)=8 bends oceuring at the shorter wavelengthe md
the Cu(I)=0 bends at the longer wavelengths, Cu(I)-(SR)
models absorb in a renge of 3.0-3.25x 10%hem™1 (300-340mu),
Cu(I)=dipyridyl in a range of 1.2-3,Gx10*h em~1 {1L00=-500mu )
and Cu(I)-0, in a renge 1,6=1.9x10%hen*! (500600 mu). The
UV maximum of oxyhemoeyanin, generslly placed at 340 mu
but quoted by Willlams at 375mu, with e copper molar extinetion
of 6,000 ¥~1 en~1 (138) wae attributed to Cu(I)=8 intersetion



20
primarily on the basis of these model complex spectra.

The band at 575 mu may arise from the proximity of a
pértially oxidized cuprous copper to S, ¥ or O, since a
gimiler band appears in a Cu(II) protein complex with thiol
(69) and possibly oxygen bending (68) and falls in = range
characteristic of charge transfer from Cu(I) to nitrogen (15),
Tha axtinctibn per gram atom of eopper for this band in
hemoeyenin is 600, u~1 cm‘l; a bit high for known d-d transi-
tions and a bit low for charge transfer transitions {15).

The high extinetion for the UV band of oXy HC characterises
it as a charge transfer type. Although Cu(I) -5 transitions
appear to give rise to similar bands, 1t would have to be
postulated that the transition is possible only in the
presence of oxygen, or from a pertially oxidized cuprous,
since it 1s absent in the deoxy material., An interesting
alternative explanation of this band is that it arises from
8 charge transfer to the oxygen molecule itself. There 1s
good reason to believe that the oxygen 1is partially reduced
or peroxidie when associated with hemocysnin, Benzidine

and T1(IV) tests for peroxide (70), anslogy with a hemo-
globin model (69) and enalogy with synthetic reversible
oxygen carrying chelates (133) indicate = partiél displace-
ment of metal electrons towerd the 02. The Oa‘ ion in
solution gives rise to an absorption at 340 mu (55)., Assign-
ment of sulfur as a ligand from spectral features alone is

therefore impossible. Two other ligand field considerations,
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polarizebllity of ligands and sterie raquirsments,waulﬂ be
consistent with snd possibly strengthen the case for copper-
sulfur bonding. The copper in both deoxy and oxy hemocyanin
appesrs to be cuprous in a conventional sense {(87). Sulfur
atoms, being most polarizable, nitrogen next and oxygen
least, could provide the necessary stability to a copper in
this lowest oxidation stete. A preference of small catlons
in the first transition series for nitrogen or oxXygen over
sulfur has been Qbaerved and is attributed to the large
size of the sulfur atom ceusing steric hindrance in octe=

W S e | Ty

hedral coordinstion (138) complexes, however, show

X

. Culr)
virtﬁaliy no tendency to hexseoordinate snd are tetrahedral
when tetra&aardinated.

IV Valenes of Copper

It is evident from the foregoing that the valence of
copper in oxyhemoeyanin is directly related to the problem
of the unknown ligands of copper. The most recent dlirect
(70, 87) and indirect (69, 133) evidence, already quoted,
requires partielly oxidized Cu(I) atoms or perhaps two or
four coppers, some Cu({I) and others Cu(II), at the active
site in oxyhemoeyanin,

The copper in deoxy HC is belfeved to be uniformly
menovelent, prineipally because of successful reeccnstitutions
of the epo protein using cuprous chloride under hydregen
(41, 7&). The absence of a visible spectrum is occasionally
quoted ag additional evidence, but water of hydrstion is
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known to affect the visible spectrum. For example,
completely anhydrous ecupric sulfate is colorless, Recovery
of funetional native protein has been measured by 0D at
340 mu, upon saturetion with oxygen, (4i, 74) and by re=
covery of originel extent of estalase sctivity (41),

Unless speciel mention is made, it is assumed thaet the
reconstituted material is fully reversible to oxygen &ssoecie
ation, taking loss of activity through surface denaturation
into account if the eycling is done using vacuum,

With the exception of experiments with ESR, .all attempts
to measure the vemlence of eopper in oxyhemocysanin directly,
by redox potential, magnetic susceptiblility, valence
specific agents and polarogrephy have either fef led or
been inconeclusive,

Redox potentiasls of solutions of oxy HC were measureﬁ
in 1933 (23) and egain in 1940 (98). Since the development
of steady potentials after each sddition of oxidant tdok
from 1=-2 hrs., the electmchemienl resetlon probebly involved
atoms of the protein other than the metal. The spproximate 22,
redox potehtial of hemocyenin {540 mV) is higher thean that
of other copper proteins (300-400 mv) (138). 4As with a
number of known altered redox potentiasls of specifically
complexed coppers (15) this increase indicates sterie
hindrance end/or a high degree of unsaturation in the ligands
around the eopper. Some examples of this are Cu{I)=imidazole,

255mV; Cu(I)=2 imidazoles or 2 NH_, 345uV in comperison with

3
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16TmV for oxidation of a hydrated (uncheleted) Cu(I) to Cu{II).

No significant difference in the magnetic suscepti~
billty of the oxy snd deoxy protein wes observed in 1941
(100). The doubtful value of this approsch wes realized
at the time, Despite the difference of 1.73 Bohr magnetons
between Cu(I) and Cu(II), the relastive solubility of the
protein and consequently its copper content is comparstively
g0 low that & velence change from plus 1 to 2 would, in
this experiment, have changed the mess ausce@tibility by
only G.03 lﬂ'ﬁ/gram. This different was not significant on
the torsion balance used (99).

Polarographic reduction of & metal has been used to
distinguish Cu(Il) from Cu{II) in simple complexes. No
clear stepwise change in the wave could be observed with
hemocyanin however (69). It was concluded that "evidently
the copper, whatever lts valence, is held very strongly by
the protein, or 1s sufficiently embedded in the mscromole-
cule ﬁhat electrons dropping from the mereury electrode
are unable to reach it" (69). |

The same workers attempted to measure the guantity
of Cu(I) eopper present in acidified oxyhemoeyanin by
2 2' viguinoline, which forms e pink complex only with
the monovalent copper, OGlacisl scetic acid, necessary
to the biquinoline test was believed to "displace the
Cu{I) from the protein® (69), The results indicated 50%
{(Cu(I) and 50% Gu(II) in the oxy~protein., Expreseion of
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100% of the copper as the biquinollne complex was reported
for the deoxygensted materiel, This result was also ob-
tained by Felsenfeld in 1959 (36). He praposed a cuprous-
cupric palr bridged by Gg at each active site, It was
later shown that densturation of oxyhemocyanin by glacial
acetic acid results in e strongly Cu(II) ESR speatruﬁ at
room temperature (87). 4 possible explenation of the 1955
results may be that on the sverage 50% of the ¢ uprous
copper released by scld in the presence of biguinoline 1s
quickly bound. In the absence of oxygen this average
would aiso be significantly increased.

Another chemleal observation (117), & positive biuret
test upon addition of dlilute alkeli alone to oxyhemocyanin,
would be consietent with a cupric-containing active center
structure, Deoxygenated HC under the same conditions
gives no eoloration,

In 1956 (137) Williems questioned the validity of
thege chemical methods and, tbprerora, the neceasity of a
cupric at the active center in the oxy~protein., He suggested
that a cuprous-cuprous structure, with some contribution
by a (Cu(II)0,..0u(I)) form would be consistent with the
-existing spectral and peramagnetic data., Indeed, there
is no paramegnetism detectable by ESR in either the native
oxy- or the deoxy-protein at room temperature (87). At
liquid nitrogen temperature, the observed signal never

emounts to more bthen 1% of the total Cu present (118).



25

The contribution of a mixed valence resonance form
to the stabllity of an oxygenated ective site, however,
offers an atiractive explanation of extinetion of the long
wavelength band of oxyhemocyanin., Enhencement of extingce
tions has, in & few specific cases such as Prussien blue
(108), been attributeble to a mixed valence atructure, In
view of the spin resonsnce date, the lifetime of this mixed
valence form would have to be so short or the cupric
signal arising from it sufficiently broadened by some
mechanism as to render it undetectsble.

The mixed velence structure might arise by the transfer
of an electron to oxygen, as proposed in the rescnance
hybrid models of both Klots (69):

Sow - S - b
Cu .e aoncu == €n onﬂaoogﬁi

and Manwell (83):
- & ke > ke ot » her -tk @ A

Cu es0y40 Cut o Cu = Ogee Cu ™ €U ooly = Cu & Cu = O +40u
An alternative is that it arises without an sotusl valence
chenge in the oxygen, but through either an electron excita-
tion within the metal orbitels, d-d transition {138), or a
charge tranafer mediated by the ligand 05 (82). Both would
have & ground state representation of c&k..ﬁa.. c£+. The
resolution of esch of the 575 and 340 mu bands into two
companonta at 77° K (85) may be additional evidence for the
partielipation of two eopper atoms in the oxygen binding center.
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That th&ré mey be two copper stoms with 8lichtly different
ground state energies in the sctive site is discussed in
deteil in a iatarvaeation {Bxperimental II D.).

The sbsorption spectras of trivelent copper in aquecus

solution (Cu(III) periodaste) have been recently enslysed (140),
A BLO mu band (e = 250 M~lem1l) was attributed to a de=d
trensition while both 415 (e = 11,100 K~lem=1) and 365 mu
{e = 44,590 M’lcm‘ll bands were attributed to electron transie
tions from oxygen to copper. It is ?osa;bls that this
valence state may also contribute to the unusual axid#tion
state of copper in oxybemocyanin, especially since all
models of the active center to date assume thet oxjgen
exists as 0y in solution (see Genersl Diseussion II C,).
In summary, it is doubtful that the ectual extent of the
partiasl oxidetion will be deseribed until the Cu ligends
are identified and a more quantitative theerc n# chemical
bonding (62) can be spplied to the problem. '

The experiments reported in the following sections
were undertaken in order to confirm and expand upon some
eharacterizaetions of hemocyanin and to attempt to form a
true methemoeyanin to permit observation of the ective site

b]" ESR,
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EXPERTMENTAL
I Confirmation and Further Charascterization of Physical
Properties of the &st;gg,ﬁanter»gg_gggggg‘magistog

Hemocyenin
A. Determination of the Cu/0, Ratio Using the Oxygen

Electrods,

1, Alm:

One moleculeé of oxygen combines stolchiometrically with
two atoms of copper during the oxygenation of hemoeyanin,
The chemical and manamatrie evidence upon which this ratio

is based was 103! and hee

Jrd

ished before 190h1 (50, G8

e e 7 -~ F s -1

"

11

been summarized in the Introduction., Hecent lmprovements
in polsrographic techniques hsve allowed direct determina-
tions of oxygzen tenslons in solutions of oxyhemoglobin (21)
and suspensions of mitochondria (89). Experiments were
carried out to confirm the statistiecsl ratio and determine
an axtinetibn per active site or (Qgiﬁ'l at 575 mu from |

polarographic measurements of oxygen concentration,

2. dMateriesls and Methods:

@. Preparation and Storage of Hemocyanin, Serum from
Cancer mapister was collected by inverting live erabs after
removal of their mejor clews. The pH of this serum varied
from 6.8=7,2. Two types of impurities, a lipid-like film
eand an easily-sedimented foem coagulate, were immediastely
removed by centrifugation in the Servell at [°C and 17,000 rpm
(32,700 x g) for 20 min, followed by filtration through a
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thin layer of buffer washed gless wool. The hemolymph
was then combined with an equal volume of .lii Tris buffer
pH 6.8, 024 Ca(IXI), and concentrated by centrifugetion
in a Spineco rotor "21" at 21,000 rpm, LOC, for 15 hrs or
in & Spince rotor "50% at SOQGQO rpm, 4OC, for 5 hrs in &
Spineo liodel L centrifuge. The resulting dark blue gelatinous
pellets were taken up in 5-10 ml of .05¥ Tpis buffer at
pH 6.8 containing 0.01M Ca ., The resulting clear concen=
trate generally contained from 2,5-3.0 mM copper,

Deionized, distilled water with conductivity not
igher than .8 uboh or 5 ppm NeCl (0.lmk), Sigma high
purity 7-9 Tris and reagent grade Qaclz were used throughout,
The fresh concentrate gave a single peak in the Spinco
liodel E analytical ultracentrifuge with EEO'ZS,mw9SO.QOO
and 5% of & smeller component., These values were comparable
to those found for hemocyanin from the same source (86).
This preparation differs from that reported only in the uee
of Tris buffer and omissian of dislysis of the final
material ageinst several chenges of buffer. The use of
Tris allows fortification of buffer solutions with at
least Q1M Ca(II), recently shown to stabilize subunits
and meximize the protein's intersction with oxygen (107).
Dialysis was omitted becesuse this did not affeet sedimenta-
tion results while 1t minimized both surface denaturstion

and removal of physiological salts,
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Fresh concentrates were used for final determinations
in every experiament reported, The storage of hemoeyanin
is diffieult et best, 4 catelase sctivity hee been reported
to inorease with the in vitro age of the pretein (h1).
In our experience, a fine sediment appesared, accompsnied
by a notigesble loss of blue color after storage of the con-
centrate for one week at 4°C, This is probably due to
bacterial sction. With the exception of mierofiltration,
the usual measures taken to prevent bacterial sction withe
out denaturstion, have been uwngatisfactory in the case of
bemocyenin. Thawing meterisl stored at -20°C resulted in
the fermation of a fine precipitate and expression of up te
10% of the total copper present in the supernate as euprie
by ESR, Storage under toluene, which has been used for
this protein (36), resulted in en increased percentage of
the total copper expressed as cupric by ESK., The low
temperature 3R cupriec signel of fresh ecncentrated hemoe
cyanln accounts for less than 1% of the total copper present
by chemical analyses. Contsct with toluene inecreases this
to 5% end with ehloroform to 10 and 20%. Ths aged untrested
concenirate yiclds a olear dark biue supernatant with less
than 1% total eopper as cupric by ESR, after centrifugstion
in a refrigerated Servell st 17,000 rpm for 20 min, 4
successful sterile filtration {pore size .i5 microns) and
storage of & diluted hemolymph has been reported (38) but
could not be reproduced even with the aid of prefilétration

tachniqueg and advice of bacteriology department staff members,
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be The Oxygen Electrode., A Beckman model 777 oxygen
snalyser wag used to measure oxygen tensions of solutions
in a specizlly designed water cooled vessel, Fig, 1, a,
Two significant imprevemant& in polarographiec technique are
combined in this simple setup. A replaceable teflon, oxygen
permeable, membrane separates the oxygen sensor from the
samplé.’ This minimizes sonteamination of the electrodes by
sample sclutlons. The vessel iz designed to house a small
flat dise magnet which insures rapid and c¢omplete mixing
and maximum stability during & run. The sample chamber was
kept at 0% ¢ by a cireulating water methanol mixture from
8 Laudsa Kryomat. When one of the vessel openings was not
being used for gas flow or asmple addlition, sample tempera-
ture was measured directly by Iinsertion of a thermometer
with a ground glass collar,

The instruments oxygen resdout was calibrated to re-
gister 159mm, the partial pressure of oxygen in alr at sea
level, at the beginning of and several times during esch
experiment, Chemical zero, obtained by Ilushing pre-purified
nitrogen (Industrial Air, 0y less than 3 ppm) through the
dry sample charber or using a glucose oxidsase system, was
greater than electrical zero by no more than 1 mmHg., The
limits of accuracy according %o the manual are 1% full
scale with constant tempersture and 5% full scale with shift-
ing temperature. These are equivalent to 2.5 mm or 007 mi 02

in which 250 mm would

&

and 12,5 mm or 0.03 mM Op on a scal



Figure 1

Diagrams of'2
e, oxygen electrode vessel
be bufferegas equilibration setup

¢. hemoeyanin gas equilibration vessel
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give & full 100 division deflection., The cbserved dis-
orepancies between calculated and recorded oxygen tensions
in blaenk experiments fell between 3 mm or 0,0086 wi and
8 pm, 0.029 m¥. This sensitivity is an order of megnitude
less than that recently obtained by a modified Clark oxygen
electrode cireuit (33) routinely used o measure changes of
oxygen uptake of .3 ul 92 or 0,01 mM. Polarographic de-
termination of Hill's covefficient would be possible with
such 2 modified circuit since the partial pressure of half

saturation, P5 » for hemocyanins is sbout 10 mm Hg (107, 109).

Increments of g mm between 1 and 20 mm could not be measured
sscurately using the Beckman instrument. 1In the concentra-
tion renge of interest in the present experiments, the Beck-
man oxygen analyser allowed determinations of at least 3%
ACCUTRGY.

The oxygen conecentration bound to a known concentration
of hemooyenin was reed directly from & plot of (62) in solu-
tion, es measured by the oxygen electrode, against (02)
total, celeulated from a known addition of fully oxygenated
buffer at 0° C.

) =

0 (0.)
2 total 2

)

{ + (o
bound 2 golution

Deoxygenated hemocyanin was prepared in a tonometer vessel,
Fige 1, 6., which allows gentle swirling of the protein solu~-
tion at 0° ¢, under & stream of gas. It was used in all
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preparations of decxygenated hemocysnin, since repeated
evacuation and flushing with nitrogen resulted in surface
denaturation, The oxygenated and deoxygenated bufrfers,
0.05 ¥ Tris pH 6.8 0,01 M Ca were prepared by flusbing -
oxygen sad prepurified nitrogen through fritted glase
bubblers, Fig. 1, b., for no less than an hour at 0°C.
Miero syringes, 0.0l ml, kept at 0°C and flushed with the
appropriete gas were used for all trensfers.

The capacity of the sample chamber, Fig, 1, a., was 3
ml., It was fitted for flushing wi th Ny, as shown, For the
f & singls point oa & graph, 0.5 mi deoxy=
genated hemocyanin and an aliguot of anaercbic buffer were
added and stirred under a slow stresm of nisrogen bubbles
until a stable base line was sstéblishaﬂ. The addition of
verled amounts of oxygenated buffer brought the total
sample volume to 3 ml in each case. The change in oxygen
concentration registered by a Bausch and Lomb ®vari chart®
recorder reached a plateau in less than one minute, This
value minus the base line value gave (02) for a

eolution
specific (02) total or volume of oxygen saturated buffer
a&do&. A control, in which the .5ml deoxy hemosyauin was
replaced by .S5m. deoxygenated buffer, was elso recorded at
each (03) value. Ten observations of (02) con=
total total

centrations between .182mM (0,25 ml oxygenated buffer) and
1.82 mi (2.5 ml oxygenated buffer st 0°C) constituted a

single experiment, The millimolar equivalence of oxygen

in the sliquots of oxygenated buffer wae based on the
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solubility of 62 in water at QQG, 18,9 ml/1, from Intere
nationsl Criticel Tables, 1928, volume 3, page 257. This
is equivalent to 2.181 =u .

The range of (0,) wae chosen so that the lowest

. I ' - total
vajue, .182 mM, equivalent to 63.5 mm, was over five times
P, 10mm or 0,028 mif, Values for (02} less than |
56 : gsolution

100mm were discarded in determinations of the best fitting
line by the method of lesst squares. In order to further
minimize errore resulting from extrapclation, concenftrations
of hemocyanin were used which would allow the (0,) value,

“ boand
which is the {(0_.) at Omm (02) s, to fall in

2 total solution

a reglon ¢lose to the origin. The range of accuracy of
(o)  valuees at this intercept was never less than

2 pound

0,01 mi ss estimated by the S value from least squares (5).

The functional copper was estimated in two wayas. Total

copper present by chemical analyséa was assumed egqual to
functional ecopper only in fresh samples which gave virtuslly
no cupric ESR signal., Difference spectra between oxy and
deoxy hemoeyanin at 575 mu on these samples gave an extince
tion coefficient for the funetional copper. Chemical
ﬁateruinationh of total copper in fresh conecentreates and
copper EDTA standards by the biguinoline method (36) and
the bethocuproein sulfonete method, as performed by iarie

Venneste, gave values within 0.01-0,03 mi or 1-2% of one snother,
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3, Results and Discussion:

8. The 0u/02 Ratioc. An example of a typical experie
ment 1is showa in Table I, 8, and Fig., 2 2 and b, and a
sumnary of ratios is made in Table I, b. The extinction
per mole functional copper at 575 mu is L13% 37, at pH
6.8 1n’the presence of 0,014 Ca(lI)e Care was taken to
check this velue at several dilutions of hemocyanin since
1t has beon‘notiecd that Beer's Lew, linear correspondence
between concentration and opticel density, 1s not strietly
true for conecentrations above 2.0 ml copper. This may be
due to the &iffi ing 100% 0, seturation at
these concentrations., Determinations of sbsolute values
were always made on a Zelss gpectrophotometer or a Cary
Model 1ll, with a fixead photomultiplier tube attachment.

Veriatlion in the extinction of copper in oxygenated

hemocyanin at 575 mu, against a buffer blank, 500

575~
450 W Yon™! was observed in different preparetions over two
Jears, The fallure of Beer's Law under certain conditions
has been repeatedly noted in the litersture [101), most
often ascribed to alterations in a scattering effect rather
than changes in true light absorption sd never system=
matically studied., Since the eqilidrium between the Pro=
tein, its subunits end oxygen 1s sensitive to slight changes
in pH and divalent cation concentration, a working extinece
tion coefficient was established for the hemocysnin stoek

solutions of different preparations. The resulis from three

separate polarographie determinstions of oxygen bouand to
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hemocyanin eopper, Table T b,, show an average of one oxygen
molecule bound per 1.8 funetional coppers. The verious
actuel bindings of oxygen at the active sites which would
be conslstent with this statisticel ratio are shows ia
Fig; 3. Clearly two possibilities, Fig. 3 d. and e., are
less likely than the others, Considering only cases a.,
be and ¢., the statistical retio would mean that there can
be no more than two end no less than one copper at the
active site, If 1t could be shown, by polarographic de-
terminations on partially denatured hemoeyanin, that loss
of activity also occurs in palrs, it might strengthen the
case for total copper being functional, This is considered
in Experimental Seetion II D., 3¢, and Gen, Dise., I A.,'1,

b. The Extinciion for Functional Cu snd the Active
Site. The e bound (0.) u=lem™t was determined to be

max 575 2 e

1,262 100 for oxyhemseyanin, pH 6.8 0.014 Ca" st room
temperature ageinst buffer and 7371 20 sgaiast deoxyhemo=
cyanin, Fully oxygenated samples from polerogrephic de-
terminations of the statistical ratio were used in these
measurements, Samples were transferred directly frow the
electrode chamber to optical cells and the optical density
at 575mu wes read after a few minutes! allowance for temp=
srature equilibration between solution and cell, Variation
in amax may be the result of slight temperature differences

at the time of reading, or differences in scattering, Beerts

Law has been observed to not hold accurately for some
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hemoscyanine beyond the range of 5% protein (101, 105),

equivalent to only 0.1 mlM Cu of Cancer magister, Con-

centrations around O,4 and 0.8mi Cu were used in these
experiments, The e ~ per sctive site values ere, as
expected, &ppraximazziy twice those found for e575 mnlemnl
copper., The extinction per sctive site will be of greater
interest in the future, once the number of coppers and

the source of the absorption at 575 mu are known, A value

of e can also be caleculated from this value and will be

3ho
discuased in & later section, In the near future, an

& ab S75 mu, based on & measured
bound oxygen concentration and esleoulated fér the 340 mu
absorption may begcome more useful than that per mole copper,
when eomparing hemooyanin with synthetic reversible oxygen
carrying chelates, Considering both the position and
probability of a tranasition aaaocigted with @2 binding
astivity may help elassify hemceyanin with particuler model
chelates, whose structure end mechanism of 62 interaction
are better known,

¢, The Cu/CO Ratio, The e _ for functional eopper
had 1mmediste use in the axperimzéga of Welter Venneste (132}
on the binding of radiosctive CO by hemocysnin. Once the
value was established for & stock solution showing no cuprie
ES8R signel, the totel functionsal cappnrlin actuel samples
could be read from thelr difference spectra at 575 mu,

In briaf,rthia experiment invelved egquilibration of e
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deoxy hemocyanin smmple and & hemoglobin control, in duplie
cote, with radicactive CO at four known pertiasl pressures,
four values between 100 and 800 mm Hg. Samples were then
tranaferred to small gless bottles fitted with vaeccine caps,
containing ferrie cyanide, and equilibrated in a tonometer,
after one designed by Dr., Pltesirn, for one hour te insure
full release of that Glhc bound into the gas phase., The
gaé above each sample and Hb contrel wes then completely
transferred into dry and evacuvated matching vessels con=-
taining plastie-stilbene scintillation beads, and the redio=
aetivity‘was counted., kach pair of vessels had & correction
factor for true total volume, relative to that palr with
the lowest total volume. From a plot of ccocunts per min,
on the ordinate against pCO in mm Hg, abselissa, a velue for
epm/ (CO) for & known concentration of hemoglobin was
obtained by extrapolation to the y intercept, pCO at 0 mm
He, usihg the method of leest squares, This wes directly
proportional to the extrapolated value of epm at O mm CO
for the parallel determinetion on hemoeyanin and gave the
number of molesa of clhﬂ bound by HC. The concentration of
functional copper in each of three experiments divided by
the observed value of CO bound gave ratios of 2.3, 2,16 and
205,

In order %o bring this ratio closer to two, sources of
error whieh lead to e loss of radiocactive CO or an over=-

estimation of funetional copper must be looked for, Consider-
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ing the extreme care in operation and the sensitivity of
the method of (CO) determination, and the difficulty in
obtaining reproducible extinetions for hemocyenin, already
described, over-estimation of funetional copper ias the
more probable sourece of error. In any case, the existence
of s hemocyanin €0 complex was firmly established for the
firat time by these experiments. The controversy over the
existence of such a compound has porsisted from the earliest
work on the protein to the present dey. Solutions of oxy-
hemocyanin treated with CO become colorless (72, 109)., 4
ratio of 2 coppers per CO was reported in 1934 (109) on
the basis of determinations with a Ven Slyke appsratus and
by absorption of CO into an emmoniacel cuprous chloride
solutlion. The affinity of HC for CO was estimated to be
or 62, on the basis of oxygen dissoslation
eurves determined in the presence of CO, The FSG detor=
mined in the Vanneste experiment was 73 mmHg, Rewlinson,
in 1940 (98), found no evidence of CO binding to HC using
an iodine pentoxide method of CO determination {(10). lore

recently, within the past two years, the non-existence of a

HC=C0 complex has been referred to twice (58, 138),.
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B. Characterization of the Triplet 3tate in Native
and Apo Hemoeyanin

1. Alm:

A1l protein eolutions sbsorb ultra violet (uv) light
with & 4 max st 280 mu, ¢haracteristie of trypotophan
residues (111). This absorption may csuse various physical
changes, Cosgulation of protein solutions oecurs upon uv,
broad band, irrediation at the iscelectric point (4). ‘The
formetion of low moleculer weight substences and a correlae
tion between incresse of light sbsorption and inoresse in
concentration of sggregated albumin in uv irradiated solu-
tions have been reported (111). ‘Irradiation by wavelengths
of 280 mu and shorter,st room tempersture and @ociresulted
in en inhomogenous solution of lower molecular weight sube
stance in hemoglobin end a splitting of Helix hemosyanin
into two # molecules (122, 123), More resently, triplet
states of seversl erometic amino aéida, albunins end D
amino acid oxidase were characterized by ESR (116).

Triplet states are generally the lowest excited eleg=
tronic state of a molecule (94), have lifetimes in fluilad
lalvsntg of the order of lﬁ"lL 2ec., several orders greater
than that of excited singlets, and their chemical behavior
is usually characteristic of biradicels (Fig. li). Formation
of the triplet state, which involves a change in total
electron spin momentwun, is less favored then energy transfer

processes in which total spin momentum is conserved (9l),
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The triplet state, however, has been postuls ted as sn inter-
mediate in energy transfer in chemicel (19) snd bioehemical
(116) systems,

The following experiments were undertaken to charactere
ize the triplet state of a protein more precisely, by photo=
activation curves, and to observe the quenching effects
of oxygen and copper, both involved in the aectivity of

hemoeyanin and both well characterized guenchers of aroe

matic bhydrocarbon triplets (52, 99, 94).

2. HNaterisls and Methoda:

Ail ESR speetra were obtained using a Varian Ve L500 EPR
spectrometer equipped with & V FR-2200 Field dial magnetie
field control unit and with s 100 ke modulation unit, The |
microwave giréuit wes modified (9) to allow low power and
power saturation studies, deseribed in Experimental Sesctions
II, B and D. A Hewlett-FPackard §31B power meter was used
to measure the incident power in milli watts (mil), For
these determinations, the incident power was always 25 m¥,
equivalent with our klystron to an attenuation of sbout
10 decibels (db).

The first derivative of the resoneance absorption curve
was recorded by a Varien F80 X Y recorder and triplet life
times were recordsd by a Sanborn Model 320 Recorder. For the
messurement of half life, the field was positioned st the
trough of the triplet signal, that portion farthest awsy
from the base line, and the path of the besm was interrupted
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after a stable line on the Sanborn recorder was obtained,
Ordinarily, the recorder was set for full deflsction st
1 milli volt (mV) chart speed at 2 mm/sec, Oecasionally,
for life times less than 5 seconds, the chart speed was
10 mm/sec and for small signal heights (low triplet con=
centrations) full deflection was set at ,5 mv. An example
of the semi log plot of decreasing signal height or triplet
concentration with time is shown in Flg. 5. Every decay
eurvs thus plotted asppeared to be first order for at least
3/ of the full 1ife time. The value of t 1s reedily
obtained from the plot by reading the time in seconds
necessery for a decrease of the signal haigbtAto # of any
chosen value,

Samplea contained in quartz tubes, 3 mm average internsal
dismeter, were placed in a liguid nitrogen quarts dewar
which was inserted into a Varien 4531 multipurpose cavity
from the top, This dewar holds suffieient liquld nitrogen
to keep a sample st =196 for two hours., Although noise
and ertifacts, from the boiling liqnia nitrdgan, are greater
in this than in the variseble temperature dewar, the guarts
used in its construction will not sﬁrfar uv damage whereas
uv irrediation of the quartsz verisble temperature dewar
mey result in e conteminating signel at g:2., A Beusch and
Lomb High Intensity Monochrometer, fitte# with a 200 é, OSRAM
UV-visible mercury source, 200 mu-=700 mu, was used for

irradiation of samples in the cavity. The monochrometer



Figure S

Determination of triplet half life

in tryptophan:

&, typleal derivative ESE apectrum'
of tryptophan triplet absorption
produced by irradiation of 290 mu

b. *typlcal decay curve, Sanboran
recorder, for signal in &, (above)

c. Semi log plot signal height
{arbitrary units) vs, time (sec~

onds) of the curve in b. (above)
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- entrance to exit slit ratio was set at 3.56:2.0.

Since the dispersion of the uv-visible lamp 1s 7.4
mu/mm the axit 8l1it should be 1.35 mm in order to pass o
band of lOmu. The image of the entrance slit st the exit
11t 1s 56% the size of the entrmee slit. It is therefore
necessary to multiply the width of the exit slit by 1.78
to obtain the proper width of the anﬁranee slit, Using
this ratio, only a single wavelength can pass through the
aystem at its full intensity. Others, at 5 mu on either
side of the setting in the cese of a 10 mu band width will
appear at 50% intensity. An exit slit of 2 mm gives a band
width of 14,8 mu or £7.4 mu range at each setting. Thie
was the narrowest exit slit whieh gave sufficient power for
triplet formatlon in every experiment. The power in mV
for every tenth wavelength, ineluding and between 210 and
30 mu was read from a voltmeter in eircult with an Eppley
thermopile 6163, The 3 mm window width of the thermopile,
the 6 om distance from the monochrometer exit lens and the
monoohrometer slit settings simulated the conditions of
sample irradietion in the HSR cavity. The correction factor
for this thermepile, 0,0592 mv/mw om™2, allowed conversion
of the mV to mw/bmg. This value multiplied by the area of
radlance on the quartsz ESR tube, the flux, gives energy in
wattsvwhich can be converted to Xilocalories (Ihal)Q The
observed Keal divided by Keal/mole photons at thet wavelength

gives the number of sinsteins (E) or moles of photons
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incident on the sample at that wavelength, A sample calcu~
lo tion is shown in Appendix IT. The curve resulting from
such a csleulation at every mV reading is shown in Fig. 6,
Iriplet concentration in a sample, or signal height (SH)
after.a steady state is resched, divided by the E value of
the activhting wevelength results in a gquantum yield value
for the ectivation spectrum,

3olutions of oxy and deoxy native and apo-hemocyanin
were prapared by equilibration of the protein with ﬂ§ or Eé
in a tonometer, Fig. 1, c., et 0% for no less than an
hour. The gaszes were obtalined from Industrial Air. The
water-pumped nitrogen, with less then 3 ppm 02 was further
purified by pessage through a wash solution of wvenadyl

sulfonate in the presence of amalgamated zine (88) ad a
2 M phoeg
phenol indicator. Apo-hemocyenin was prepared by dialysis,
at 4°C, of e 20 ml portion of a freshly prepared Spinco
concentrate containing sbout .lmi protein and 2.l mM copper,
ageinst two changes of two liters of .05 ¥ Tris buffer

pH 6.8, .01 ¥ in Ca and .01 ¥ in CH™, Ca{CN), decomposes
in cold water while the CuCN is insoluble, Three two=

liter washings with fresh buffer were considered sufficient

to remove the cyanide., WNative conscentrate against which the

epo -hemoeyanin would be compared was dislyzed for the same
length of time in the absence of eysnide., The resulting
epo=protein, ,1 mii in protein snd ,08 ml in Cu, could be



Flgure &

Spectrum of einstein values from the Bausch

and Lomb high intensity monochrometer with

elnstein values were used in determination of
triplet photoactivation spectra of hemoecyanin
Figures 7 and 8, and tryptophan, Fil. 9, obtain-

ed under the same conditions of illumination.
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restored to 86-90% sctivity upon dislysis against buffer
solution containing cupric sulfate followed by the anasrobie
addition of 2 mg/ml dithionite ané‘exposure to air, Activity
was messured by opticel density at 575 mu on the basis of
protein ecnaéntration and by loss of epr cupric signal.

The a#tivity as meaau&ed by optical density was reverszible
in the absence of oxygen, with some 1loss in activity, not
quantitaﬁed, upon 2 to 3 repeated cyclings. The smpo -
protein eould also be reconstituted in the econventional
way, (41) by anaerobic combinetion with Cu{I).

)

A1l native and apo-protelm solutions were passed

Lg Y
£ SRS

through columns of Sephadex (75, whiech greatly retards the
passage of all molecules under 50,000 molecular welght,
before use in the ESR studies of the triplet state., This
was done to minimize the poesibility of a triplet signal
arising from or belng quenched by contaminating pere-
magnetic species,

beianized distilled water with conductivity not less
than 0.5 uMhn or greater than 0,8 uliho, equivalent to 3«5
ppm NaCl (0.1 mi NeCl) was used throughout, The Sephadex
waé equilibrated with ,05 M Tris buffer contei ning 0,01
ucaMat pH 6.,8. Columns of 100 ml snd 300 ml capacity
were used and samples no greater then 10% total capacity
were slowly and directly applied. Buffer was eluted at
the rate of 5 ml per minute to minimize dilution of the
protein on the columm, The optical density of the eluate
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at 280 mu wee subomatieslly read and recorded by a& Gilson
iedical itleotronice spectrometer in conjunction with s
Texas Instruments “"recti riter" recorder, A ailnimum of
two hours in the 100 al column and threse ian the 30C =l
¢olumn from the time of spplicstion to that of eollection,
allowed a ﬂiaortnﬁiheundnry and recovery of 904 of the
proteln only elipghtly diluted, The eluted protein wae
collectod In 2 nl batchees, every 10 min,, by a Buchler autoe-
metic refrigersated fraction collector, which kept the column
and 8ll semples at 4°C,

Triplet life-timas were mesaured in both aguecus
:alutians and organic suspensions of HC, which gave clear
bydrocarbon glasses upon freesing, Heasurement and come-
parison of signal helghts produced by irrsdistions at
different wavelengths ere valld only in the transparent
rigid‘naluticna. The degree of scattering whienh would
vary uniférmly wvith wavelengths {(inversely proportionsl
ta}k?) and not unirormly from semple to sample makes
triplet concentration comparisons impossivie in erscked
and opaque frosen aqueous solubtions, The oompomiitlion and
specific festures of & wide variety of low tempersature
glasses have been recently summerised (119). Por Shese
experiments, a glass was required whichk 4id not denature
she protein, remeined rigid during irradistion and was
trangpavrent thﬁoughnat the visible and quertz altres violet

region, 4&lechols and miztures of alcchols are best suited
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to meet these requirements (91). The results of testing
several aifferent solvents for the hemocyenin system ere
summariméd below? |

Hethﬁnol, an ether, isopentene, alcohol mixture (91)
and isopentene each combined 13l with the protein-squeous
phase caused denaturstion at room temperature and formed
cracked and eloudy glasses at low temperature, T7°K.
Propylene glycol ccmbined 2:1 with the squeous phase, formed
a clear glass with many cracks., Ethylene glycol, 2:1,
formed & clear glass with few eracks, but the triplet helf
1ife of the apo and native BU im the presence and sbsence
of oxygen differed greatly from that observed in agueous
solutions, Only glycerol, l1l:1, formed a clear glass and
exhibited triplet half lives comparsble to those found in
the aqueous solutions. Reeyeling of the hemocyanin Ope
binding ebllity was checked, even though the glycerol:
oxyhemocyanin solution wes c¢lear and blue, because a Helix
hemocyanin bas been reported to dissociate in solutions
eontaining glyeerol (124b). If disscclation occured in
these solutions, 1t did not significantly affect the
sctivity.

3. HResults and Diseussion:

&, Source of the Iriplet. All triplet spectra appeared
only upon irraediation of the protein with uv light less
thean 340 mu. They were recorded with the field centered

at l.45 kg snd 250 gauss equivalent to a full sweep of the
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x axis, iocduletion amplitude of 1,000, equivelent to

i geuss in our instrument, was used throughout. A repre-
sentative aignal is shown in Flg., 5, 2. The signal
corresponds in both position of center, l..5 kg, and half
line width, 20-22 gauss, to that recently reported by
Shige and Piette for tryptophan (116). A 200 ¥ high
pressure PEEK-Lab Go, mercury lamp, with cut-off filters
but no monochrometer, was used In their study and there
was no report of samples in which air had been excluded
compared with those in which it had not. The half 1ife of
their tryptophan standard in 6§ HC1 wes L.l seconds and
that of the tryptophan-like triplet signal, from four
proteins studled, ranged from 2,6-3,.,7 seconds., For a
discussion of the order of quenching, see the following
section, b, and Genersl Discussion II A. A mixture of
«003 tryptophen in buffer and an equal volume of glycerol,
(0.,0015M final), was the standard for the hemocyanin series.
The triplet signal was virtually identical to that reported
for the ON HC1l sclution in every respect including half
life. The half life, L.4 seconds, was unaffected by the
pressnce or absence of oxygen. The half 1life of the
tryptophan«1ike triplet from native and apo, oxy- and
deoxyhemocyanins in buffer glycerol sclutions ranged from

l.7=l1.8 seconds,
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A signel arising from tyrosine, with a center at
1,280 geaues, # line width of 32 gsuss, could be observed in
290 mu irrediated stendard solutions, .0015 ¥ in buffer-
glyeerol, but not in irradisted protein solutions. This wea
elec observed for bovine serum albumin, ovalbumin and the
apo= end holo-enzymes of D amino meild oxzidese in the only
other such study of triplet states in proteins (116), Reasous,
advanced at that time, for the dominance of the tryptophane
like triplet included 1) the high quantum yileld of tryptophen
stendards, aleo noted in glycerol stendards, as compared
with tyrosine and phenylalenine, 2) some quenching effect
due to hydrogen bond formation by the OH group of tyrosine
end 3) en energy transfer process from tyrosine to trypto-
phan for which some evidence had been obtained, The corres=
pondence of the protein signal with a tryptophen signal,
therefore, doesn't necessgarily mean that other uv absorbing
amino aclds have not interscted with the light,

There may be an interesting correlation between the
caleculated energy gap, A E from the highest filled and
the lowest unfilled level, for substances sbsorbing in the
short uv,Aand these triplet phenomena, The theoretiecal
lowest transition energy N P which is A E in units of £,
has been caleulated for a number of heterccyeclic compounds
of blologicesl interest (125). It has been expressed in
units of ﬂ s the resonance integral of the LCAD method (7).
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Absorptions at the longest ultra violet A max charseter-
istic of a compound, correspond to transitions involving
conjugated alectrnna,‘TV~TT%‘transitions (97), which may
be involved in the triplet mctivity. In Teble II, & sel=-
ection from the data of Szent-Georgi and Isemberg (125),

it can‘ba seen that substances having thelr longest wave
length uv absorption band toward the vislble region of the
spectrum, riboflavin snd DPHH, have & sumsller energy gap
between the lowest empty energy level end the highest
filled one, then those substances absorbing in the uv only.
A short energy gap means either that the lowest empty

level is low, the substance is s good aceeptor, or that the
highest filled band is high, and the substance 1s a good
donor. Colored substances therefore tend to be better
donors and/or scceptors than uv only absorbing substances.
The relative size of the “T-T1" energy gap for the uv

only absorbing substances, however, may be related te their
triplet activity in e similer manner. That 1s, triplet

activity may be viewed as asn intrs molecular varistion of

the same phenomenon, which gives rise to colored substances,
the transfer of electrons between two molecules, This

idea would be consistent with the results observed for
triplets in proteins. Tryptopban may be the dominant

source of the observed triplet, not only because 1t has

& lower energy gep thean the other eromatic amino escids, but



TABLE IX

Gnergy gap between ground
and excited states in some
bicehemieals taken from the

data in (125)., See text,
pe. 48,



TABLE II
A Selection of Data

From (125}

AP

energy gap in

7\' max (mu) wunits ofé N AP

Histidine 208 1.820 371

Phenylalenine 208 . 1.90i 396
Tyrosine 2l 1.792 o1
Tryptophan | 280 1,397 390
kiboflavin Lso 0,839 378
DPNH 340 1.213 2

The value of ﬁ% in thsae'calculations corresponds to

3.26eV or 75 Keal/mole.
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8180 because others may be less a;able, due to structural
features, and the energy relemsed during their decey is
suffieient to reinforce the tryptophan triplet., The shorter
the energy gap in a uv only absorbing substance, the more
likely its triplet state will be detectable, The detecta-
bility will depend on a concentration effect when it is
alone, and both 8 concentration and reinforcement effect
when mixed with other similar substances.
| b. Quenching, a Biscussion, The mechanism of triplet

quencbing in gepersl snd by paramagnetic speciesz in parti-
cular, hes been the subject of some systematic studies in
recent literature (52, 77, 94i). Quenching of a triplet
may be very complete and/or efficient, preventing its
observation., PThe guenching may be incomplete and/or
less effiecient, allowing detection of signals with smaller
triplet concentretions end in the case of zecond order
mechenisms, (see below) shortened half lives. Forter
end Wright (94) were the first to point out the possible
relevance of the relatively forbidden triplet transition
to energy transfer in blologlecal systems, The following
discussion is designed to provide a background of termine
clogy and eonsiderations sufficient to understand the sub-
gequent description of the triplet state in hemoe yanin,

Méchanisma of first order decay proceed by an intree
moleeular alteration, with & possible dependence on energy

transfer to the solvent. Such interaction with the solvent
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is unlikely in cases of aromatic hydrocarbon triplets,
since, aithnugh these rates decrease with increaslng solvent
viscosity (nspthalene: 1.2 x lﬂh sec™} in hexane and

1.0 see™? in rigid glsas)}, ﬁhey‘raaeh.maximum values in

the gas phaae.‘ A significant structurel difference be-
tween the nucleer configuration of a ground state send the
excited states of e molecule such az benzene, has been
propésed to accaunt~for the full rénga of observed solvent
viscosity dependence of first order deeay rates (9l).

The "Dewar™ structure of benzene are:

¢ S
;’;,/\(:\ }f{\\ A 1 ",

§
3l % " 2
~& /S ; S

S8 S T,
Bvidence for such altered nuclear configurations in
excited states has been reported (26). Energy transfers
between triplet and szolvent molecules undoubtedly oceur,
but can be considered of secondary importance. Resistance
to a changing of angles between etoms in e triplet mole-
cule, offered by the viscoelty and/or polsrity of the
solvent, is of primery importance in first order decay
rates, A first order quenching effect, or reterdation of
both the formaetion and deesy of triplets with solvents
of increasing viscosity, is characterized by & lowered

steady state triplet concentration and an extended life time.
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The second order decay of triplets involves intere
molecular quenching between identical triplets or by some
para&agm&tia species and will show & quencher concentration
dependence. Unlike that in first order processes, quenching
arfiniénej hers refers to a decresse in half 1life, even to

the point of rendering en activation known to occur,

undetectable (76). In e second order process, then,
quenching resuits in a2 shortened life time and either no
changa or a decrease in steady astate triplet concentration,
A number of mechenisms have been proposed for speecifie
cases of second order triplet quenching, but they are of
two basic types: 1l. chemical reactlions, or those 1nvoiv1ng
electron or H atom transfer and chemical alteration of the
quencher, and 2, non chemicel reactions, in which the
guenching molecule truly mcts as & catalyst for the
redistionless transition from T, to S, (52). Quenching
by paramegnetic gases (79) end lons (76) is bellieved to
ouaaﬁ vie a reversible complex formation between triplet
and quencher., The evidence for the existence of such a
complex is indirect. Quenching efficiencies of different
metal snd metal ¢helate gquenchers were better understood
in tcfma of their properties, when the quenching mechanism
was proposed to depend on the formation of such & complex,
Examples ofvsueh propertias are, the sultability for charge
tranafér‘inﬁeractions. the degree of hydrstion end the

degree of unseturation (76).
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In these and other studles of triplet activity of
sromatic hydocarbons, at room temperature, optical density
changes were directly related to concentrations of reacting
(76) or non reacting (52) species. This allowed actual
datarmih:tian of rate constants according to specifie
reection schemes, There is no standard triplet concentra-
tion for EHSR measvrements, however, and actual decay rates,
based on first or second order processes, comparable to
those found in the litersture could not be calculated,

Triplet decay was sufficiently retarded in these
frozen solutions so that decay curves such as seen in Fig.
5, b., Wwere commonly obtained at & 2 mm/sec chart speed.
The use of a Computer of Average Trensients In eonjunction
with the Sanborn recorder (116) may‘have improved the re-
produeibility of the sbmolute value of a 11fe time, since
the exact point of zero triplet concentration was often
diffieult to read, A qualitative understanding of the
differences between amino acid solutions in the presence
end sbsence of copper snd oxygen end of the differences
between apo and native hemocyenin solutlons in the presence
end ebsence of oxygen was possible from comparison of half
lives and triylat photosetivation curves.

Go Guenehing, the Effect of Copper., In a preliminary
experiment, six alpha emino acids, «00185 ¥ in 1l:1 buffer

glycerol solutions,were examined for evidence of triplet
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state formation uwpon uv irradiation., The mmhoehrnm@ter
was set at 290 mu with both slits wide open, 6/6, allowing
a band of li)f mu to pass. The ESR incident power, cavity
snd dewar were the ssme as those used in the protein
triplet detections. fha amino scids, arginine HCl, histi-
dine HCl cysteine HC1l, cremtine, tyrosine, tryptophan and
phenylelanine were obtained from Cal. Blochem, Co. and
the PH 8 of .003M solutiona of these in .05 Tris buffer
pﬁ 6.8, .01M in Ca , were edjusted to near neutrality,
pH 6=7.5, by the addition of acid or baaé. A parallel
series, containing equimolar smounts of amino acid and Cu{II)
fons (.,003 ¥ emino aeld and 003N GuSGA.SﬁEG) was prepared
and hendled in the same manner, Triplet signals comparable
to thoés reported (116) were observed in the tryptophsn
and tyrosine solutions, but none could be detected in the
aalutiana of phenylalanine or any other tested amlno acid.
In 6N HC1l, phenylalenine gives rise to a signal at 1300
geuss with half line width of 63 gauss (116},

A strong phosphorescence was exhibited by the frogzen
phonyialanine and erestine solutions, & weak phosphorescence
by histidine end none by erginine and cysteine, &ince thls
was 8 preliminary experiment to determine possible sources
of triplet signele pertinent to the proteln study, ano
further sttempt waes made to s tudy those solutions which

phosphoresced but had undetectable signals. This could
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easily be done by varylng the magnetic field center by
inc¥ements of 250 geuss between BGOvand 2000 gauss with
modulation from 3.8-8,0 peuss, If this were systematically
repeated during irradlation by different uv wavelengths
betwean 220 snd 330 mu, 1t 1s likely thet the right combina=-
tion would allow detection of a triplet signal,

411 signels disappeared in the presence of equivalent
concentrations of Cu(IIl). Since only frozen solutions were
being obeerved, random encounter of molecules was not possible.
The interasetivn between Cu{II) and an amine acid, at room
temperature, which led to the total quenching at low tempera-
ture, couwid have been elther first or second order, Comperi-
sons were possible between frozen solutions of couparable
protein samples, however; since the guenching was not
complete. The amino acid~Cu(II) reactions were not studied
further, by varying the cupric/amino acld ratio, for example,

The half lives of the oxy- and deoxyhemocyanin triplets
in glycerol were relatively unaffected by the presence of
eopper, Teble III. The WO complex was an exception. It
should be noticed that triplet photoactivetion spectra
were recorded on three different occasions and only on
the glycerol mixbures marked 141, iv and v in Teble III.

This notation is carried over to Figs, 7 and 8 and
corresponds to the chronological order of the originel

data.



TABLE III

Triplet quenching: the

effect of oxygen and ecopper

on the half lives of hemo-
eyenin in verious solutions,

All values wers obtained from
the triplet ESR spectrum pro-
duced by irradiation at 200 mu.
fgeh ¢olumn, i, 1i, ii1, iv and
v contains data obtalned in the
same experiment., Triplet photo
activetion spectrz were obtained
for the glycerol mixtures 04,
NG, AQCG and ANG in three separste

experiments (1ii, iv and v).



TABLE IIX

(A11 numbers represent t} in seconds)

i i i1 X 4
oW 246 1.7
i he? 18
AOH h.o 3.7
ANK he3 .8
oG 1.5 1. 3.4 3.2 1.8
NG ' 2.5 b—oé )-'-Oh- 3‘9 1{-0?
AQG L2 37 1.8 2.2
ANG 540 3.8 Lo 52
4) 2,5 lLe0
wg 12,2 3.6
 AQE » bl
ANE h.2
5G | 2.1
ANOG be3
Ley

02 oxyhemoeyanin

Nt deoxyhemoeyenin

A: empobemosysanin

W32 aqueous buffer

G: dilution l:1 with glycerol :
E: dilution 1:2 with ethylene glyecol
HC: HC=NO coumplex :
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All triplet speotra of the apo-protein contained
more area then those of the native protein, Fig. 7, indi-
cating that, in the presence of copper, the total triplet
concentration whieh could be produced was deereased. When
the total area under e photosctivation spectrum is de-
creased it will bs referred to a= & "sonecentration quenche
ing® effect, Concentration quenching was not always ac-
companied by a predictable change in half life.

The differences in the shapes of the spectra of
native and apo-ﬁroteim, Fig. 7, were much greater than
those differences existing between oxy and deoxy sanples,
Fig. 8. The correspondence between triplet concentration
and signal helght at 275 and 290 mu was therefore rélisble
in considering the quenching effect of oxygen, Table IV,
while it 18 not in the caze of copper, Teble V, While
there is a triplet coneentration quenching in the pres-
ence of copper, Fig, 7, the overall effect wes not as
drastie as that seen in the Cu(Il)-smino sciad experiments,
The concentration quenching mey result from some para=
magnetic features of copper at the active site in OXy=
hemocyanin, since it was greater in the oxygenated samples
than in the deoxygenated ones, Fige 7« The absence of an
effect on half lives in either oxy or deoxy-sgmples core
responds to the absence of soms peramagnetle quenching

features at the active site, Teble V.



Plgure 7

Triplet photosctivetion spectrs of hemocyening

Guenching effect of copper,

A. in the ;Q' resence of oxyaen

Oxyuenated epo-hemocyanin = = = =
Oxygenated netive hemocyanin —e—

Bs 1n the abmence of exygen

Deoxyrenated apo-hempecyanin = « « =
Deoxygenated native hemocyanin e
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Flgure &

Triplet photoectivation spectra of hemocyaning

Guenching effect of oxygen.

Ae 1in the prescnes of copper

Peoxy native hemoeyanin e = « «
Oxy native hemocyanin e

B in the gbsence of copper

Deoxygenated spl-hemocyanin = « ~ =
Oxyzenated apo- hemoeyanin
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de GQuenching, the Lffect of Oxygen, No first or
second order quenching process appears to occur between
tryptophan and dissolved oxygen &t low temperature, since
the ohdere of the decay and helf lives were exactly the
seme in the presence and absence of oxygen. In fact, from
the photosetivetion curve, Fig. 9, 8., triplet formation
at 290 mu is made more probeble in the presence of oxygen.
The presence of oxygen inecreaseg triplet concentration
produced by irradiation at 290 mu, indiceting some sort
of intersction between dissolved oxygen and the free amino
acid,

CQMpariaon-cf eignel heights over a range of activa=-
ting wavelengths was possible only in the glycerol mixtures
which formed the least sltered frozen solutions of minimum
and comparable scattering properties. The uv zbsorption
spectrum of a .b03 M solution of tryptophan in water was
recorded, Fig. 9, b., for ecomparison of max with thet

of maximum yield of triplet formation seen in the
photoactivaetion curve. Neither:tria buffer nor glycerol
caﬁid be uge& 60 simulate the B3R sample solution because
ase ef sither ons as a referenve resulted in too great a
loss of uv light to allow measurement of & spectrum., The
correspondence between the triplet pesk at 27F mu with a
shoulder at 290 and the room temperature sbsorption at

275 with a bulge et about 300 mu is very close, Fig, 9, a, & b,



Figure 9

The triplet photoesctivatlon spectrum of tryptophan
(a), compared with the tryptophan and hemocyanin

uv sbsorption spectra, (b) asnd (¢) respectively.
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This indicates that there 1s no transfer of sbsorbed uv

light to another, possibly longer wavelength, at which
triplet activation actually occurs in the free amine acid,
This was not strietly true in solutions of both
native and apo proteins in the presence or sbsence of
oxygen, as seen in Pig, 8, While there is a peak in every
case corresponding to the uv meximum, 275-280 mu, of nsative
end eapo HU in the presence of Eé or 02. there 1s in every
case a seoond peak and/or shoulder in the region of 290
300 mu, This may arise either directly from light sbsorbed
at these wavelengths, or are energy transfer from the
stronger, shorter wavelength El.max or a combination of
these two, the latter reinforeing the former, |
The most pecullar festure of the sctivation curves

of the tryptophen-like signel from proteins, Fig. 8, in
comparison with those curves of the free amino ascid, is
that éven the curves of the deoxygenated protelins exhibit
the shoulder and/or peak at 290 mu while it is absent in
the deoxy free smino scid, Pig., 9, a., Hemembering that the
protein eurves were obtained from signels with field posi-
tion, half life and signal heights corresponding to the
tryptophan triplet, it becomes unlikely that we are observe
ing an energy trensfer process to another site giving rise
to the 290 mu pesk, 4 second, different, triplet producing
site would be expected to have signal charscteristies

different from those of tryptophan, Suech processes may be
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occuring but could not acecount for the observation. A
more likely explanation is that tryptophan residues, even
in the deoxygenated proteins, hﬁve a permanent eavirone
ment whieh simulates that of the free amino acid in the
presence of oxygen., The nature of the interaction of
disaoived oxygen with the free amino acid which facilitates
the second triplet transition of sliightly lower activation
enérgy, 290 mu, within the same molecule is difficult to
guess, Alterations in the symmetry of a moleculs csused
by vibrations due to tempersture or oseillations arising
from charge transfer interactions, have been used in ex-
planations of increased favorability of energy transfers
or electronic transitions (115) and mey be sppropriate
here, To my knowledge, the triplet photoactivetion spectra
of tryptophan, Fig. 9a, snd bemocyanin, Figs, 7 and §,
represent the first attempt to obtain such data for any
meterial,

Date from Fig. 8 and Table III were collected for
Table IV in order to examine the effect of oxymgen on tri-
plet productlion in both native end epo-hemocyanin., It
can be sesn in Fig. 8 and Table IV that activation over
the whole range of wavelengths produces considerably less
triplet conaentration in al 1l netive semples contalniag
oxygen than in those whieh do not, It can also be seen
thet whatever triﬁiit is produced in these samples decays

faster in the presence of oxygen. This may, in part, aceount




TABLE IV

Guenching: the effect of

oxygen on the hemoecyanin

triplet mexima and half

lives,

Ae 1in the presence of
copper

B, in the sbsence of

copper



Ao

Be

iii

iv

i1i

iv

88

88 88

ARG

ARG
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TABLE IV

290 mu

275 mu
(SH/E x ;os ) (BH/E x :1.08]
8,30 5,25
0,00 2,00
6440 7.00
1.40 1.60
» o .6
Teho 160
9‘50 9050
11,90 9450
8.60 o758
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25 8,50
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TABLE V

wuenching: the effect of

sooper on the hemocyenin

triplet maxime end helf

lives,

£e in the presence of
oxygen

Be in the absence of

oxygen



TABLE V

275 mu 290 mu td
(SH/E x 105} (SH/E x .wa ) (seconds)

A

114
| 0G 0.00 2,00 3.4L
406 11,90 9.50 3.7
iv
oG 1.40 1.60 o2
A0G 5,00 .60 3'8
v g 1.40 1.60 1.8
AOG 1.40 1.65 242
B,
e NG 8 '30 g '25 i
ANG 9.50 9.50 31%
iv G bo440 700 '
ANG B,Zc 9.75 i.g
v NG 5070 5065 hﬂ?,
ARG 9.25 8,50 5.2
C, NOG 0.00 0.90 2.
I?_:g} v 6.50 6.2—5 h&}
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for the lowered average triplet concentration,

The presence of oxygen dces not have such a consistent
effect in the apow-protein ssmples, Teble IV B, A higher
steady state triplet concentration in the deoxy samples
is eccompenied by both an increase (v) end a decrease (iv)
of the cérreapanding half life. In one case, (ill) triplet
production and half lives are almost identical in the pres-
ence and sbsence of oxygen. All apo samples used in these
oxperimants}wore from a stoek solution of G75 treated
protein, prepared three weeks esrlier,

If the triplet sctivation curves of the apo-protein
ere compared with one snother, Pig. 8, series B, there
appears to be & decresase in total possible triplet produc-
tion by‘the oxygenated apo=-protein with the age of the sample,
The time which elepsed (two days) between the recording
of each set, however, compared with the age of the stock
solution (three weeks), mekes it unlikely that an eging
procese affecting the triplet activity wes going on at a
rate indicated by the spectra. The more likely possibility
is thet thls epparent progression is accidental and the
differences in the spectra arise from different orientation
and aggresation of subunits at the time of freezing, This
waul& be consistent with the only known difference between
native end apo-protein, the greater esse of subunit forma-
tion In the apo-protein (75).

One effect of oxygen which is noticeabls only by com-

parison of signal heights over the full range, Fig. 8, is
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that the preaenee of oxygen in both netive and epc-proteins
appesars to facilitate triplet producing transitions be-
tween 270 and 290 mu, while there iz a shayp drop in
quantum efficlency between thase wavelengths in all deoxy
samples, Partiocularly ciear examples of this are iii B
end iv A and B, Any decrease at wavelengths between 270
end 310 mu 1s very relleble since the einstein values of
the monoohrometer, Fig. 6, ineresse steadily in this range.

In all'aueh comparisons, it 1s lmportant to keep the
energy profile of the monochrometer in mind., Errors in
comparisons of relative guantum efficieney, SH/E, will be
greaﬁest at the wavelengths haviﬁg lowest elnstein values,
In these experiments small differences in signal height
et sctivating wévelengtbs less than 2L0 mu and around 270
mu are easily made significant upoh divislon by the small
einstein value., It should be noticed thai this considera-
tion which may meke reproducible canparison between scti-
vity et 270 and 290 mu difficult, improves the reliability
of observations at activating wavelengths of 290 mu end
higher since these are characterized by higher einatein
values, or more effective moles of light, at a particulsr
wavelength., In other words, differences in asignal heights
at these wavelengths had to be substantlesl end essily re-
producible in brder to be divided by a large number and
8till appear ss a shoulder or pesk in the triplet sctiva-

tlon curvees,
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A few tentative conclusions can be made ln summary.
The triplet activity of hemocyanin sppears to be modified
to always allow activation of the protein tryptophan-like
triplet &t 290 mu, This is only'saen in the photoactivea-
tion spectrum of tryptophan in the presence of oxygen.
There are twd sources of concentration quenching. The
concentration gquenching due to bqth oxygen and copper can
be seéﬁ_in Pig. 8, A.; that due to copper alone can be
geen invFiE. 7, A. The presence of copper did not affect
the helf life in any regular way. The preaenosvuf oxygen
consistently decreased the ha.lf_i:lfa only 1ih the native
protein. The veriastion in spectral shapes anéd the effect
of.oxygén oﬁ ﬁhe half 1life of triplete produced in the apo-
protain may be due to some aspect of subunit formation

which was not under control.
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IT Attempts to Produce lethemocyanin

In 1933 (23) a colorless product, which reversibly
turned green~blue when exposed to air, was reported io be
a methemocyanin., It was obtained by oxidation of deoxy-
horseshoe crab hemocyenin by Kﬁn@k or KS%&GR at neutral
pH. By following the potassium permsnganate or potassium
molybdicyanide oxidetion of hemocyanin electrometrically,
it was found that one eguivalent of oxidizing agent was
reduced for ssch atom of copper (23). This, and the altered
oxidizing power of the methemocyanin itself, egulvalent to
@& echange of one slectron per copper, prompted the lebelling
of the new compound "methemoeyanin®, to correspond with
methemoglobin, In 1941 Rawlinson (100) mede magnetic sus=
ceptibility measurements on this product and found no
change in the valenca'stata of hemoeyanin copper in the
presence of these oxidizing agents, This observation and
the fact that the "meahemocyanin® hsd the same oxygen
carrying properties as native hemocyanin, led to @ con=-
sensus that groupe unrelated to the physiologicel activity
had been oxidized and the product was not a true met-
hemoeyanin, It has been suggested (36) that the failure of
sufficiently strong oxidizing egents to convert active site

cuprous te cupric mey be due to 1) en unusual stablility
furnished by the proteln; the Cu{Il}-protein equil., constan®
for essoclation equale 1018 (35), and 2) inaccessibility

of the pctive sltes,
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The effect of hydrogen peroxlide on Limulus and Busycon
hemoeyanine waes studied in 1959 (36), end the formation of
& true methemocyanin of Busycon was reported at that time.
This meteriasl 1) had two cuprous, Cu(l) oxidized for every
sctive site destroyed, 2) did not lose Cu{lI) on an IR=120
cationic exchange resin and 3) could be regenerated to sctive
hemoeyanin upon reduction by potesssium ferrocyanide or,
notably, excess peroxide. This study gave further evidence
of copper lons being located in peirs, or multiples of two.
At the point at which one half of the Cu(I) ions were oxi-
dized, & little more than one half of the Qa-banding activity
was still evident at 340 mu, The resction was followed by
measurement of active site concentration from 0D at 340 mu
and cuprous lon concentration by the bigquinoline rsaction.
The usual biquinoline method used in measurement of cuprous
copper in hemocysnin (69) and tyrosinase (63, 71} was modi-
fied by addition of EDTA to protect cupric ions from possible
reduction by sulfhydryl groups when the protein iz denatured
by the glacisl scetic ecid (36)., The high ineidence of
2 "double hit® even at low peroxide concentrations was an
indication of the proximity of coppsrs. One peroxide
molecule always oxidized both Cu(l)s of an mctive site since
0.5 oquiv, Hy0, per mole copper oxidized about # total
Cu(I), or two oxidizing equivalents slways oxidized 2 Cu(I).

The recent applicetions of ESR technique to studles of

the valence of copper in hemocyanin (87) snd other copper
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proteins (81, 82), make the formetion of & true methemo=
eyanin of very great interest, Blue oxyhemocyanin does nont

glve rise to a significant cuprie signel st room tempera=
ture (87) or iiquid N2 temperature (118), even though only
one half of the total functional copper in oxyhemoeyanin can
be chemically determined to be Cu(I), (36, 69). 4 true mete
hemoeyanin, with oxidized copper atoms at the sotive site
and reducible to native hemocyanin, would permit observa-
tion of funetional copper atoms by E3R, Some Information
about the identity of nelghboring atoms might slso be obtained
if the resulting cupric signal showed evidence of hyperfine
splitting, Interaction of an unpaired electron with the
magnetic moments of the nuclei of nearby atomes results in
hyperfine splitting in both orzaniec (135} and inorganie

(93) free radicals,

The experiments to be described in the following sec-
tion were undertaken in an attempt to cheracterize the
funetional copper in its cupric state by ESR, In addition
to observation of the effect of ﬁaﬁg on Cancer magister and
Busycon hemocyanins and observation of the cupric ESR

signel of the Cu(II)-apo hemoeyanin complex, attempts were
made te photooxidize the functional copper by high intensity
monochromatic irradiation and to introduce an unpaired spin

at the active site by the substitution of NO for 02.
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A, Experiments on the resction of Cencer magister

and Busycon caniculatum deoxyhemocyanins with E202¢

1. Alm:

These sxperiments were of two types, In one, deoxy-
hemoeyanin wes combined with excess hydrogen peroxide without
continued nitrogen bubbling., In a previous study (36) this
was observed to prevent the formation of a methemocyanin
from Busyeon, In these experiments we were interested in
detecting a ﬁc-azaa complex which may form during this
catalase~like activity of hemocyanin. In the second type
of experiment, deoxy hemocyanin was combined with excess
Eéo » under c¢ondlitions described as leading to the forma-
tion of methemocyanin, Reproduction of the chemical and
optical evidence for a methemocyanin and obéervation.of this
material by ESR were of primery interest in these experiments,

2+ HMaterials and Hethods:

8. Catalase-like Activity of Cancer magister Hemocyanin,

The Cancer magister hemoscyanin was collected, concentrated

and stored as described in Experimental secitlon I, A, 2.

A coneentration range arcund 2,5 mi copper was used for these
experiments, since it was suitable to observations both by
ESR snd optical density at 575 mu, Deoxygenated hemocyanin
samples were prepared in & tonometer, Fig. 1, ¢., transferred
to quartz Thunberg cuvettes, 3 ml total volume, flushed

with N, and combined with a known emount of E;0, in the side

2
erm, Adjustments of pH were made by dialyeis against 0.05 M
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phosphate buffer, pH L.5=7.0 or 0,05 ¥ Tris buffer, pH 8,0=
0.0, No adjustments to 1.0l ¥ Ca were made in these experi~
mentse.

Eydrogen peroxide solutions were standardized in two
ways, elther by titration with s standerdized solution of
potasalum permenganate or with a standardized solution of
thiosulfate in the presence of potassium fodide.(126).

The iodometric method has an advantage over the permangan-
ate because the titration can take place in the presence of
glycerol or salicylic ecid, sometimes used as preservatives
in commercial 3202 preparations (126). Baker and Adamson
reagent grade, 30% hydrogen peroxide was used., Iresh 3%
stock solutions, having a measured concentration of 1.012

t 0,01 M were periodically made from this concentrated
_reagent.

Several observations, low temperature ESR and optical
spectre, were made on deoxyhemocyenin within 300 m seconds
of its being mixed with excess amounts of Heﬂz. The rapid
flow apparatus was the same as used in studies of inter=-
mediates in oxidative phosphorylation (12), a modification
of the aparatus of Bray (1), 1In these experiments, two
five ml syrihges, one containing deoxy HC, the other a Eé“z
solution, were positioned in front of s mechanically-driven
stage, The two solutlions were mixed In 2 luecite chamber and
ejected into a low temperature ESR tube of special design con-
teining lsopentane at liquid N, temperature. The duration of
contact between the two solutions was regulated by both the
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total volume delivered and the speed at which the motqr-
driven stage depressed the barrels simultaneously. For
these experiments a 0.4 ml total volume wus necessary for
observations of both low temperature optical and paramag—
netic spectra. Using 30 em of #10 teflon tubing (35 ul
total volume) and setting the moter from 10-40% of its
maximun torque, contact times from 210-21 msec, respectively,
were obtaeined, The steadiness and duration of the pres-
gure on the syringe barrels was automstically recorded on
the screen of a Tektronix type 535A oscilloscope and photo-
graphed by a Polaroid Land camera mounted on the ascreen.
The ESR unit was the same as deseribved in Experimental
gection I, B, 2., without the Field dial snd microwave
circult modifications. The firat derivative of absorption
was measured by & Varian strip chart recorder, Samples
were placed in quartsz tubes, approximately 3 mm internal
diameter, in e veriable temperature dewar for low tempera-
ture studies end in a quartz cuvette, 0.9 x 0.5-0.01 inch
for room temperature studies. A 2 mi Cu-EDTA standard was
used at both room and low temperatures,

aptical spectra at low temperature were made with a
modification of the spectrometer system used by Bonner and
Estebrook (13), employing a Cary lodel 1l scatiered trans-
mission scceseory snd & Cary 1462 photomultiplier tube.
Samples in ESR tubes were mounted in & holder of special
design, Fig. 10, a., and inserted into liquia ﬂé in a dewar



Figure 10
Low temperature optical spectra (77%K)

2o Sample holder and dewar for liguid nitrogen,
modifications for the Cmry model 1l scattered
transmission sttechment,

be Low temperature spectrum of oxyhemocyanin,

e Low temperature spectrum of deoxyhemocyenin in
the presence of excess hydrogen peroxide fom
90, 150 or 270 msec, et room temperature.
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with quartz windows,

be. Methemocyanin, In these experiments, both Cancer
magister and Busycon hemocysnins, sither .8 mM or 1.6 mM
total copper, were cowbined with varying amounts of Héﬂz.
The Busycon hemocyanin was prepered by centrifuging the clear
purpla-blﬁa serum in the Spinco Model L, # LO rotor at 40,000
rpm for 5 hours., The clear pellet was taken up in a2 minimal
amount of 0.05 M Tris buffer, pH 6.8 containing 0.01 M Ca.
About 13 ml of serum, 0.6 mM copper, per whelk was collected
by ecutting away the horn foot and draining.

n the tonometer

The deoxyhemoeyanine waere prepared

vegsel, Fig 1, C and 2,5 ml was transferred, using Hé-fluahod

syringes to test tubes containing 0,5 ml aliguots of Hzeé
solutions under Né. Nitrogen bubbling wes continued for
at least five minutes and the mixture was allowed to stand

at 0° C under N, for 30 min in every case., The continued

2
flushing with Nz, after Haog additlion, was necessary to

obtain chemical and optical evidence for the oxidation of

the copper, The "methemocyanin®™ of both Cancer magister

(118) snd Busycon (36) is reduced by excess Héﬂa unless

any Qé generated is driven off, This is not the case for
Limulus (36), which may indicste that 1ts catalase-like
activity 18 less. It was also observed (36) that the met-
hemocyanin formed from the reaction of peroxide with deoxy

Limulus serum was not reversible upon reduction with either
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ferrocyanide or excess peroxide,
5ix mixtures of Haog and HC, renging from 0.2 to
2,0 squivalents of H 32
control, constituted an experiment. For example, 2.5 ml

per atom of copper, plus a water

of a 1,92 mM Cu HC combined with 0.5 ml 9.6 mi Haaa gave
8 finel solution of 3 ml conteining 1.6 mM total Cu and
Conventional biquinoline determinations of total Cu

@2 or 2 equivalents Héﬁg per Cu,

and EDTA modified biquinoline detns. of Cu(I) were made on
esch semple, The EDTA modified determinetions were found
to be very sensitive to the concentration of ZDT4. The
reported procedure (36) involved the addition of 0.2 ml

of Je.2 M EDTA to an aliquot of working solution, bringing
the total volume to 2 ml with water and adding 2 ml of

tne biquinﬂlina acetic acid reagent. In cur experience
this resulted in & rapid and easily observable loss of the
purple color, or 0xida£ian of the Cu(I) to Cu(IrI), By
using C.l1 ml of a 0.0l ¥ EDTA solubion with 0.5 ml cone
centrated HC, or an EDTA excess of only ten times that of
total copper, stable chemical determination of 50% total
copper as Cu(I) could be obtained in the native oxygenated
meterial., Optical density was recorded at 340 mu, Dilutions
of each working solution wers mede by adding 0.1 ml to 4 ml
oxygenated 0,2 i ?Qh buffer pH 6.8,

3. HRHesults snd Discussion

& Catalase~like activity of Cancer magilster. The

decomposition of Hp0o, by hemoeyanin, at about the rate of
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1 un Haaz/ ul Cu/ min, has been reported for several species
(36, L41). When deoxy hemocyanin 2.7 mi copper was combined
with 6 mi H

2
could be detected et room temperature, Pig. 11, These

0, at pH Le5, 6.5 and 8.5, no eupric ESR isgnel

spectra were recorded at the same settings as the 2 mM
copper stendard and an oxidation of as low as 15% of the
total copper (.l mM) would have been detected, A cupric
ESR slgnel from Cencer magister deoxy-HC solution 2,5 mii
in Cu end 4.0 or 10.0 mi in Hy0,, hes been observed at
room temperature (87). Neither the technique of eombining
the deoxy protein with peroxide nor what fraction of the
totsal copper was represented in the Cu(II) ESE signal were
reportéd. In the experiments reported here, no cuprie
signal representing less than 15% total copper would have
been detected. The methemoeyenin Cu(II) signsl (87) was
alse reported to develop slowly, while no more than 10
minutes elasped‘betwaan mixing and recording in these ex-
periments, When Hy0p was added to deoxy-HC in the seme
combining ratio -5 equivalents per mole copper, in & nitro-
gen filled thunberg cuvette, 86=90% of the OD 575 mu was
recovered within } minutes., The low temperature optical
spectrum for oxy HC, pH 6.5 1s shown in Fig. 10, b. The
deaxy protein gave no apparent ebsorption in this region
execopt that due to seattering, When HpOp was combined with
deoxy hemoeyanin in the ratio of 621, 8:1 and 10:1 equiva-

lents per mole copper, various low temperature spectra



Figure 11

Hoom temperature ESR spectra of deoxy-

hemoeyanin and excess hydrogen peroxide
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having & shoulder at 650 mu were observed but were diffie
cult to reproduce. Only when the retio was inereased to
100:1 were the spectra reproducible snd showed a definite
change with time, Fig. 10, e¢. The rstisc of 100 eguivelents
per actlve site was also used by Chence (18) in his early
observations of complex I between peroxidase and Hy0g0
A tpactrum identical to that of oxyhemoeyanin, Fig. 10, b.,
developed 1f contact betwesn deoxy solutions and Haaa vas
longer than .5 seconds. Those combinations between deoxy<HC
and li equivalents peroxide per mole Cu under nitrogen,
whish were usged in the room ivemperature optical studies,
sleo gave low temperature spectra identical to that of oxy-
hemocyanin,

Room temperature optical speetre of the Cencer magister
HC combined with an excess of Hy0,, without the continued
bubbling of Hé to remove any 02 Tormed, were consistent with

the low temperature spectra, Fig. 10, ¢., in both the

existence of a shoulder at 650 and the diminished absorbance
at 340 mu, Fig. 12, 1In these experiments, 2 equivalents of
deaxyganated Eéoz/ mole copper were aneserobically combined
with deoxy hemoeyanin, The mixture was flushed with nitro-
gen for sbout 10 seconds and allowed to stand at 0°C under
ﬁz for 10 and 30 minutes, There was an easily observable
¢olor change from blue green, at 10 min (Fig. 12, a.}, to
8 deep green at 30 min (Fig. 12, b.)., If this solution is
onee agein vigorously flushed with Nz, 1t turns peler green



Figure iz

Hoom temperature optical spectra of Cancer magister
deoxyhemocyanin and excess hydrogen peroxlide, No
nitrogen bubbled through solutions after addision of

peroxide, see text p. 72.
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and the spectrun. of oxyhemocyanin énvelops more strongly

i}

L
i b/
¥ ;
i

S

The spectral evidence auggaatpﬁﬁﬁat under the appro=-
priate conditions an addition compound betwsen hemocyanin
end Hy0, is formed., It has a spectrum distinet from both
decxy end oxyhemocyanin, The copper extinetion at 370 mu
13 260 w~lem™!, There 1s ne development of en ESR signal
a@oompanying its formation. By chemical determination of
Cu(I}, however, the deoxy-excess ﬁéoa mixture, under Né.
has sbout 60% total ecopper as cutxx}, Plg. 3, Future studies
on the kinetics of the formation of the complex and its
decay to oxyhemocyanin should provide an interesting come
parison for the HyO0n8ddition compounds with peroxidese and
and catalasse, firet deseribed by Chance (18),

The spectral evidence presented here for e rapidly
decaying complex between deoxyhemocyanin and HpOpis eonsid=
ered to be only 8 preliminery cbservation, In the low temp~
erature optical spectra, both the relative amplitude end
paaiiien of peaks are subject to doubt because of the varied
scattering properties among frozen samples snd the large
slit width, from 2,2-2.l mn, necessary for recording.
Conslderations of ratios and techniques of sombining deoxy
HC with peroxide and the general location of sbsorptions
unique to the complex, deseribed here, may serve as & guide
to studies using the more rnpid and sensitive room tempera~

ture spectrometer-flow system, recently described by Gibson

(4l o
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be. Methemosyanin., The chemicel and optical evidence
for s methemocysnin of Busyeon are plotted in Fig, ik,
It wes possible to obtain from L0-50% loss of sctive site
aancéntratien upon addition of an excess of one equivalent
of Héae per mole of Cu in three separate determinations,
The significant difference between optical and chemical
doterminationa of esctive slte concentrations below 1 equiv/
Cu, réprassntn data from only one experiment. It was not
observed by Pelsenfeld and may be due to some error in hand-
ling sbluhiana. Our main interest lay in obtaining ESR
speetra of the materisl whieh appeared to be methemoeyanin
éccbrding to optical and chemicel evidence. The ESR spectra
of the Busycon HC mixtures with an excess of one equive=
lent of HpOpper copper never exhibited e Cu{II) signal
corresponding to more than 0,04 mM or 2% of the total copper.
Approximately 90% of the original opticsl density, at
340 mu, could be recovered by reduotion of the Busyoon
methemoeyanin with dithionite, 1 mg/ml, followed by equili-
brahian wiﬁh axygen, |

The results of biquinoline determinations of Cu{I) in
ngcer.magiater are plotted in Fig., 13. The value of
80% Cu{II) copper was obtained for the oxygen flushed deoxy-
HC excess HpOp mixtures in four determinstions., This is &
value 30% above that expected for oxyhemocyanin and cor=
responds to & loss of at lsast 15% of the active site,

The eddition of small amounts of catelase to the Cancer



Figure 1l

The titration of Busycon hemocyanin with hydrogen peroxide.
Nitrogen bubbled through solutions after addition of
ﬁeraxiﬁe, see text p. 66. The values of 0§3h9 below
1.0 equlv HEQQ were determined only once,
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Flgure 13

The titration of Cancer magister deoxyhemocysnin
with hydrogen peroxide. Nitrogen bubbled through

soluti

Values o

ons after additicn of peroxide, see text p. 66.
£ Cu(I) in HC-Hy0p (Hp) were determined using
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magister deoxy HB-Hé&E mixture in the presence of oxygen
reduced the % total copper as Cu(II) to 65% or 15% above
that expected in native oxy HC, This corresponds to a loss
of at least 7% of the active site. The addition of catae
lase in the absence of oxygen, however, never decreaaed the
% total copper as Cu(II) below 45%. This indiested that
oxidation of more than 7% of funetional Cu{I) bad occurred,

A3 in the c¢ase of Busycon, no ESR signal could be de-
tected in the "methemocyanin" either in the presence of
nitrogen or oxygen. Unlike the cese of Busyeon, however,
there was né lbas of OD at 340 mu sorresponding to the in-
crease of Ou{II) determined by the biguinoline method,
Sinee both the band position at 370 mu, end the low copper
extinetion {260 mflen'l) of the HCH,0, complex under nitro=
gen, Fig. 12, e¢., do not correspond with the oxyhenocyanin,
spectrum 340 mu and 2,700 W-lem™1, the anomaly between
chemieal and optical determinetion of Cu(II) in Cancer mag-
Aster cannot be attributed to thet complex species, The
evidence indicates that upon sddition of 02, this species
" is converted Yo one, spectrally vary‘similar to oxy HC,
but with en increassed cupric content, by chemical determing~
tion. A reduction of this material and reeyeling through
oxygen and nitrogen was not tried, and should be. Its
prapartiea are reminiscent of a blue oxyhemocyanin-like
ﬂomplei which was formed by reduction of & HO=-Nitric Oxide

complex at pH 5, followed by exposure to exygen., This
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material alsc had no ESR Cu({IT) signsal, aﬁ optical spectrum
similar to oxyhemocyenin and was not reversible to oxygen
associastion., It is fully described in Experimental Seection
II; D.

In summery, chemicsl and opticel evidence were obtained
for the formation of & methemocyasnin from Busycon as in
1959 (36) snd chemical evidence was obtained for the for-

mation of an oxidized complex of Cancer magister hemocyanin,

Neither of these exhibited a significant Cu(II) ESR spectrum,
In‘this way, the Cu(II) species deteotable in hemocysnln
afﬁer reaction with Hy0, is similer to that detectable in
native oxygenated hemocyanin .

B, Experiments on the reection of apo-protein wi th
cupriec lon.

1. Alm:

A atrong auptic ESR signal hes been observed in an apo
HO=Cu{II) complex (87) prepared by dialysis of & .1 mii pro=
tein solution agaihst a ,1 mi Cu{IIl) solution., The followiag
experiments were carried out to determine the specificity of
thevaupric attaehmont to the protein, the extent to which
native material ean be reconstituted from the apo-cuprie
complex and the nature of the cupriec LSR signal.

2, Nkaterials end Methods: .

Apo-hempeysnin was prepared by dialysis of an aliquot
of fresh coneentrate againsi 2 changes of two liters 0+ 05M
phosphate buffer pH 6.8 or 0,05 K tris buffer pH 6.8 and 0,01
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M in CN at 4° C. The water and resgents used were the
same 88 deseribed iIn Experimental Seetion I, B, 2. All
the work te be reported, with the exception of G 75 treated
apo=protein wes undertaien before .01 M Cg was belng rou-
tinely added to all bhuffer solutions. Protein determinations
were done by the Biuret method (i6) and biguinoline deter=
minations on total copper content were checked against
the bathosuprotein method as already described,

All ESR determinatione were performed at low temperas
ture in the variable temperature dewar with semple cell,
cavity and unit es described in Experimental Section I,

By 2., with the exception of the Field dial control unit

and the xy recorder. Field control and strip chart recorder
were the same as used in II, 4, 2, Determination of Cu(II)
concentration from cupriec ESR signal was done by double
integration of the speetrum of a Ou(IT) EDTA standard of
known concentration and two or three representative signals
of the protein sample recorded at the same modulation, This
was necessary sinece the first derivative of the absorption
was recorded, while only the area conteined by an sctual
absorption spectrum is proportional to total concentration
of a rescnating species.

The determined area and known Cu(II) concentration in
the standard allowed calculation of the value of "k" in the
expression

([£v(x)ax® = k Bun

f%ois the equation of the first derivative curve, some
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function of x, gauss |
fft'!x}dxa = value of the aree under primary absorption
c%rve “
Hu =, modulation amplitude
¥ = moler concentreation of cuprie
k - constant of proportionality between area and
concentration. Its velue depends on experimental
conditions,
This vglue of "k" and the area determined for a sample cupric
signel, usuelly having & different shape from that of the
sténdard, can be substituted into the eguation to deter-
mine "N, cuprie concentration in the sample. Since
signal helght veried linearly with pem gain setting, once
the signel heights of spectra from samples have been sdjusted
to a uniform gain, the Cu(II) in each can be estimated by
eampérisan with the samples in which the relatilonship be-
tween total éraa or concentration and signal height has
been esteblished. The difference between determinations
of total copper chemically or by integration of ESR signals
from urea denatured meterisl was rarely greater than 7%
or X 2 mi for the concentration ranges studied.
Control samples of native hemocyanin were dlalyzed far
the seme length of time as the apo-samples in the sbsence
of gﬁ- in the first stage and Cu{II) in the second stage,
411 protein samples showed an opalescence upon extended

dialysis and were centrifuged in the Servall for 20 min et
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17,000 rpm before recording ESR and optiecal spectra and
making pertinent protein and copper determinetlons., Un-
less otherwise noted resgent grade dithionite was used for
reconatitution. Approximately 6 reducing equivalents per
mole Gu(Ix), were added to a deoxygenated apo-protein-Cu(II)
solution during continued gentle bubbling of nitrogen through
the solution, or swirling of the solution by a strong Na
stream ebove it, The mixture was allowed to stand under
Ny from 2-12 hours in the eold before being exposed to oxygen.

3. Results and Discussion:

The date from four seperate experiments are collected
in Teble VI, The entries in item 10 were obtalned in the
following mannef. Total funetionzl copper, in reconsti-
tuted material expressed at 575 mu wes estimated using the
extinction obtained for & parallel native sample, This
value of funectional copper divided by a caleculated totel
functibnal cOppér. ftem 2, 1f &ll the protein present were

reconstituted, gave % total protein reconstituted, This

~value was independent of the amount of total copper pres=

ent, item 8, In csse b, for example, total conversion of
the .8 mil Cu into functional Cu would allow a maximum of
only 32% total protein present to be reconstituted. wWith
the éxcoption of G 75 treated samples, reconstitution of
80=05% of the total epo-protein could be obtained by the
addition of CuCl. It must be eolorless and dry, and added

in slight excess of egquivalents needed, to a decxygenated



PABLE VI

Chemical and paremagnetic
properties of spo-hemoejyanin
recongtituted by addition of
Cu(II} followed by reducticn
with dithionite, Columns s,
b, ¢, and 4 refer to separate
experiments, The apo-hemo=
eyanin in ecolumn d wes pessed
through a2 Sephedex ¢ 75 column
before dlalysis ageinst cuprie

COPper.
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TABLE VI

Protein in
spo=-HC (mM)

Equivalents
in copper {(mi)

Cu({II) in dialysis

solution (mM)

Dielysis time
apo=-HC ve Cu(IT)
(brs)

ESR Cu(II) before
redustion (mii)

% total copper
a8 ESR Cu(II)
before redn., (%)

ESR Cu(II) after
reconstitution
(mi ) '

Cu total in re-
constituted
gpo=HC (mi)

% total
chemical copper
as Cu(l) in re-
constituted
apo=HC

% total protein
functionsl at

575 mu
: 1

o W tem™ copper
in HC control

% total chemical
copper functional
at 575

fa
0.0655

1.75
2.2

48
2.58
90

0,35

2,86

86.5

584

43,0

b
C. 097

2450
Z2e2

90

27.6

530

86,5

0.09%5

2425
0.01

L8
1.23
61
Oollt

2.16

77.8

é?.@

517

69,0

5
f f L4
- ¥

0.0%9

1.50
0,01

L&

0,338

66
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apo ssmple sfter the menner of Lontle (7h) or Ghiretti
(41)s Although the reconstitutions by reduction of the apo-
Cu(JTI) complex were only partial, at beet, and unpredietsble,
soveral interesting obeervatlons were mede,

Contrary to the observations of Bayer (8) the hemocyanin
protelin is not a specifiec chelate only for Cu(I). In case
¢., for example, the total coneentration of Cu(II) in the
dialysls solution was 0,01 mwoles, A 10 ml aliquot of the
apo-protein was dislyzed for |8 hrs sgainet 2 liters of
this aol&tion, «02 mioles absolute eone,, in an effort to

.. - % L i ]
VUL LL)e A@n ML QL

s ]
Ll Y
tng

minimizs the non specific attachment o
& 09 mé protein solution needed approximately ,0225 miicles
copper for full reeonstitution, Over a period of I8 hrs,
toe protein concentrated Cu(II) from the solution about 200
fold, while under similar conditions the (75 treated apo-
protein, case d., concentrated Cu(II) from the solution about
50 fold.
The second curilous abservation is that execept for case

a; in whieh a subatantial amount of excess copper was in the
dial&sis solution, the amount of totel copper by cupric ESH
signel before reduction is significently lower than that
which could be determined chemically, This was especially
true when sbsolute concentrations were used in Cu(II)
dislyses solutions, as in cases ¢, and d. Ib is probable
that Cu(II) 1s ettached both non-specifieally and specifie

e2lly to eleectron doneting ligands, G.g. nitrogen and sulfur,

which stabilize Cu(I).
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The percentages in item 12 were caleculated by taking
total mdM copper functional by OD 575, the same ss in item
10, and dividiﬁg by total copper present, item &, This
gives an index of specific ve. non specific Cu{II) contri-
buting to the ESR spectra of apo=Cu(IT) mixtures before
rqduction. In case a, for example, s substantial amount of
GQ(II) was reduced non specifically, item 9., Only U3% of
tho total copper present in the spo=Cu(II) complex was
dostiﬁcd to become functional, In e¢ase b,, however, at
leasﬁ 86,5% total chemical copper was destined to become
fﬁnctional. The cuprie spectrum from this apo-Cu(IIl)
sample before reduction is shown in Pig., 15. It iz unlike
the speetrum of the Cu{II) EDTA standard and more like the
Cu(II) signal seen in frozen golutions of native cerulo-
plasmin (81, 82) in both marrowneas of the g) =ignal and
hyperfine splitting of 60 gauss. A simllar signal appears
for case e¢., Fig. 16, ¢., but without the high field
shoulder which ecan be power ssturated, Fig. 15.

ﬁeoonstitution of native material from apo-protein
which had been treated with Sephadex (75 and then dialyzed
against Cu(II) was not possible with 6 excess (xs) equiva=-
lents of ditbionite, 10xs reducing eguivelents of dithio=
threitol (20) or 100 xs equivalents of formamidine sulfinie
aeld (113)., The ESR signal éf this materisl showed no
evidence of narrow hyperfine, Fig, 16, d. It 1is possible

that trestment of the spo-protein resulted in an elteration




Figure 15

Low temperature L2R spestra of aspo~hemocyanin ig the
presence of Cu(IIl), before reducfion, at fomr different

sgttenuations. Semple b, of Table VI 1s shown here.



Apo HC + Cu (II)

attenuafion sweep  gain

(db) units  units

5 4000 [0

[0 4000 20

ﬂ 15 4000 40

60

=y
gauss '

- , 30 4000 80
T3£2kg

4000 sweep units =
modulation amplitude 15 gauss




Figure 16

Comparison of the low tempereture ESR spectrum of

spo-hemocyanin-Cu(Il} with those of Cu(EDTA), ,

min snd 2 nonereversible apo-hemeevanin-Cu(Il}.
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of the protein, otherwiss undeteetable., 4n attempt to
reconstitute with CuCl wes not made, Dialysis o the apo-
Cu(II) complex against fresh buffer in casges ., and d,,
Teble VI had no effect on the total copper content or
specificity of attachment. Dialysos sgainst .005 M EDTA
solutions te remove non-specific copper, as done in ESR
scudies on ceruloplasmin but not laccese (52) were not
tried in eny case.

The Cu(Il)-apo signal cannot be deseribed as a true
methemocyanin signal, It most probably arises from copper,
specifically and non-specifically sttached to amiuoe aseld
residues. This i{s the first time such a signal with narrow
hyperfine has been reported for a protein, other than an
untreated cepper protein, The narrow hyperfine structure
may be somehow related to Cu(I)=Cu(II) intersetion through
& bridging ligand as in those described for ceruloplasmin
(82) since total chemical copper 1s also not accountable
by ecupric ESR signal here as in ceruloplasmin., The ESK spec=
trum of an inorgenic model system, cupric acetate, with
Cu(IT)~Cu(II) interaction has been described (11) snd is
not almilar to the Cu(Il)-proteln spectra. There has been
no similer analysis of an ESR spectrum arising from Cu(I)e-
Cu(IT) interaction.

Ce Ixperiments on photooxidation of the funetiondl
COpper,

1, Aim:
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The binding of oxygen by Cancer magzister makes two

lnaw trensitions possible, one in the region of 575 mu and
one in the region of 3h0 mu., 411 speculations sbout the
sources of these bands involve an exeitation of & Cu(I)
eleciron for the lower energy, 575 mu, band, e.g., transie
tion (138) end & partial transfer of a Cu(I) electron to
0y for the higher emergy, 340 mu, band (83).

In thé physiological state, hemoeyanin conbines with
oxygen in the dark., The cherscteristie blue color of OXy~
hemoeyenin indicates that certein transitions are mede
possible in the presence of ocxygen. The blus celer ¢an, of
course, only be seen when oxyhemocyanin is exposed to light,
That is, it representsan excited state of the oxyhemoeyanin,
In feet, it is possible thet & deseription of the mechanism
of sxygen binding may not necessarily involve & contribu=-
tion from a Cu(II) species at all, For example, only Cu(I)
nay be invelved, a Cu(I) which is 8lightly altered in the
presence of oxygen to allow d~d and charge transfer transie-
tions to occur in the presence of light. That is, a Cu(I)
os O oo Cu(I) model may be consistent with chemical deter=
minetions, performed in the light, and inebility to detect
an ESR signal when oxyhemocyanin is irradiated only with
Treguencies close to 9500 mo/sec, in the derk,

The following experiments were undertaken in en attempt
to detect any paramaegnetiec species of the asctive center,

which may form upon irradiation with intense light. The
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experiments were designed to accurately measure and make
maximum use of the Intensity and resolving power of the
Bausch end Lomb high intensity monochrometer,
2. Materisls and Methods:

Samples of oxy and deoxyhemocysnin, 1,9-2.C mM Cu,
were combined 132 with ethylene glyecol and 1:1 with glyeserol,
to form rigid glasses at low temperature as described in
Experimental Section I, B, 2. The quartz sample tubes,
multipurpose cavity end monochrometer were the same as used
in the triplet studies. The variable temperature dewar wes
used during irradiations above 340 mu and the constant temp-
erature liquid Ng dewar below 340 mu. The ESR spectrometer
and accessories were the same as described in I, B, 2.'

The field was centered at 3,1 kg with 1,000 gauss
eguivalent to a full sweep of the x axis and incident power
was 25 mii, The complete cupric signal from & 2 mM Cu-EDTA
standard could be recorded at these settings. The mono=-
chrometer slits were completely open, entrance/exit ratio
6/6, allowing a L) mu band to pess with 1,70 mV total light
power at 575 mu, 2,6 mV at 340 and 1.65 mV at 290 mu, as
measured by the Eppley thermopile. Deoxy and oxyvhemoecyanin
samples were irradiated at each of these three wavelengths

end at one setting which gave mixed visible light of 29 mV.

3. Results and Discussion:

Unirradiated glycerol and ethylene glycol hemocyanin

mixtures exhibited from 5-15% total copper as Cu(II) at 3.1 kg.
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There wae no difference ia axprassion of total copper as
Su{Il} between the unirredisted oxy and deoxyhemsoyanin
sauples, 1:1 with glycerol, Oun one oeeasion the vel ue for
both wes 6%, 0n snotber 134, The unirradisted ethylens
glyeol samples, however, showed sbout Sk tots)l copper ae
Cuf(l) in the deoxy and 104 for the parailel oxy-ssmple
sad on enotber occassion 125 in the desxy asnd g 1a the oxy.
Toe éifforent effeet of the 1, 2 and 3-sarbon sstureted
alsohols, methanol, ethylens glycol and glyserol is note~
ww&tha‘ Aethanol denatured the protelsn on contest. In
the triplet study, ethylene glysol sltered the triplet
half 1ife of the native oxygenated meterisnl, making it
elose to, or longer than, %4 for native deoxy, unlike both
water and glycerol smslogues., Ethylene glyool elao =made
& saall smcuat of the Cu(l) susceptidle to oxidstien by
Gze Glycerol, oa the other hend, gave hslf lives cozparable
to those fouand 1o agueocus solutions, and while giviag rise
te Cu{ll) slgnals greater then the 15 totel sopper found
in squecus solutions the velue wes unaffected, #8 in the
mative case, by the presence or sbsence of axygens. The
Gifferent sffocte of these solvents on the eguecus hemooy=~
enin aystes may be relsted more tov their sise than polarisy
end may depend oa efficlemey of penetrating the agueous
solvent shell of the protein,

Ev alteration or inerease of the existiag cuprie sizanal

e seen upon irreadiating oxy or deoxyheamscyanin in ethy
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lene glycol or glycerol, up to 10 minutes with‘light
bands of 575 % 22 mu, or 340 + 22 mu., Light of 290 * 22 mu
gave rise to a signel at g = 2 (3,25kg) which did not srise
from orgenic solvents or copper interaction with oxygen.
In & deoxygenated aqueous solution of apohemocyanin it had
& half 1ife of about 70 seconds., This free radiecal signal
ovidently arises from the protein portion of the molecule,
There is some evidence that unpaired electrons may be
atabilized by some structursl feature of proteins (22),
not neceassarily the alphs belix, but some feature easily
destroyed upon denaturstion of the protein, The oxidae
tion of methemoglobin and metmyoglobin by Hy0p has been
shown to give rise to a free radical intermediate derived
from oxidation of part of the globin molecule (59)e Irra-
diation with light at 290 mu also gives rise to a triplet
signal et 1.45 kg, which has been charecterized for esch
sample in Experimentel Section I, B.

Irredietion with intense, m;xed visible light, 29 nmv,
gave rise Yo a free radical signal at 3.247 kg, but not to
a triplet signal at 1.45 kg. The free radical signal was
similar to that produced by irradistion with 290 mu light.
The one produced by 29 mv mixed visible light, however,
developed almost twice as fast in deoxy-native samples as
it did in oxygenated ones., For example, when the oxy signal
height was L2 after 10 minutes irradiation, the deoxy
| slgnel heighf at the same settings and gain was 7.8 at 10
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minutes., A deoxygenated apo sample was not irradiated
with 29 mV light to see if this signal is peculiar to
copper-gcontaining samnles,
| Calculation of slectron veolts, (V), equivalent to one
mole of light at 290, 340 and 575 mus, according to the
scheme in Appendix I, gave values of 4.2, 3.6 and 2,12 V,
respeectively. These values of V asacciated with a transi-
tion at & particular wavelength can also be calculated by

. by 8,086 om™t per electron volt.

dividing om

The unéquivocal result from the attempt to photo-
oxidize the copper at the active site is that 2,7k x 10" Ty
or 7.6l x 10™% moles of photons et 340 mu, and 1.8 x 10”7y
or 8,45 x 10”7 moles of photons at 575 mu are not sufficient
to cause a detectable valence change in the copper. The
Tact that even less powerful sources of visible light cause
transitione at theseAwavelengtha is consistent with eurrent
proposals as to the sources of the transitions. Neither
d-d nor charge transfer, transitions invelve s permanent
transfer of an electron out of a metal orbit, it is
possible thet a more powerful source et 340 mu may cause
the average time which the electron remains on the oxygen
to be sufficiently increased to meke & Cu(II) species
detectable by ESR (see General Discussion II, d.).

De Experiments on the Reaction of Deoxyhemocyanin
with Nitric Oxide,

1, Alim:

Introduction of an unpeired spin at the sctive site by
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equilibrating deoxyhemocyanin with nitriec oxide (NO) was
suggeated to us by J.S. Griffith, Three-electron bonds,
possible only between identical nuclei or nuclei of nearly
identical electronegativities, have been ﬁropmsad for both
02 and NO,

The experimentally-observed 0-0 bond distance for oxygen
in ozone 1z 1.26 . 0.02 g, & value inbetween that ealculated
for & single bond, 1.48 3 and a double hond, 1,10 g;

{67, bep, 49)s The resonance form of NO

ants
®

: e
¢ W

L 4
80 s

@

involves a double bond and thé observed NO distance is 1.1l ﬂ,
which lies between the values caloculated for this molesule
of 1.18 and 1.06 for e double and triple bond respectively.
It exhibits the degree 6f paramagnetism exnected for a
substance with one unpaired electron} at room temperature
it 1s approximately 1.8 Bohr megnetons, The electronic
structures of some metal nitrosyl complexes have been celcu~
lated recently (48) and will be referred to later.

2. Materials and Methods

Nitric oxide, N0, combines rapidly and complotely with
oxygen at room temperature to form nitrogen dloxide, N0z,
which sponteneously combines with water to form nitric eecid,
EHOE, For this reason, every precaution to exclude oxygen,

was taken. The equilibration apperatus is shown in Fig. 17.



Figure 17

Sehemetic dlagrem of the flow system to remove
oxygen and ENOz vepors for the nliric oxide experl-

ments.
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Prepurified nitrogen, Industriel Air, 62 content less than
3 ppm, was sorubbed in a vanadyl sulfonate solution over
nmaigamated iinc {(88) and the WO, nistric.,oxide, Hatheson,
Hew Jersey, was scrubbed in & sodium hydroxide solution,
pH 8«10, with phenolpthalein as an 1hdieatar. Both gases
were passed through a 0,2 M phosphate wash huffer, pH 7=
Teb, with nitrophenol as indicator, before contact with the
protein solution, A five to ten ml sample of 2;0~2.5 mM Cu
hemocyenin was gently swirled in esn ice bath in a 75 ml
round bottom flask, fitted with a sidearm and a two=way
stopooek, to allow the insweep of gas to pass directly
sbove the solution.Fig. 1, &. Tygon tubing was used Ea
eonnect the eylinders with the wash bottles and the wash
bpttlos to the sample vessel, HNitrogen was flushed through
ell solutions, 4, B, end C, Fig. 17, during its two hour
equilibretion with hemoeyanin to form deoxy hemocyanin.
Equilibration of deoxy HC with NO was interrupted for
sﬁmple teking by edjustment of the three-way stopcock to
begin flushing the system with nitrogen. Interruptions of
gas flow were done gquickly and under positive pressure
since.thera is always 2 slight equilibration with air ac-
roés tubing.

Smmples were always witbdrawn under & positive Ko
pressure with a capillary tube attached to & 1 eo syringe
flushed with nitrogen immedletely before., Samples of about

0.5 ml were placed into quartez ESR tubes of 3 mm bore and
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immedletely frozen in liquid Hé. This agmple volume ine
sured a fully loaded ESR tube for the height of the cavity
and therefore ellminated exacting veclume messurements at
the time of withdrawal.

All ESR spectra of frosen agueous solutions were re-
corded at =170 o =130° ¢ 1in the variable temparature
dewar, using the spectrometer with the Field eontrol unit,
microwave cireult, cevity and xy recorder as described
for the triplet studles, Experimental Section I, B, 2,

The incident power was 25 mW unless otherwise noted, The
pi of the protein solution, 0.8, was adjusted to pH 5 or 8
by dielysis against two, 2 liter changes of Tris buffer
Qa5 My o01 M in Ce, Dialyses were cerried out in a Bellco
dielysis vessel, Low temperature opticel spectra were
recorded using the ssme aepparatus as deseribed in Experi=
mental Seetion II, A, 2., and Fig. 10, e,

3. Results and Diseussion:

€. Description of the ESR signal and the extent of
reversibility of HCHC to HCO;e The low temperature ESR
spectra of oxy end decxyhemocyanin consisted of small sig=
nals with a characteristic double peak, Flg. 18, b, Upon
double integration and comparison with the Cu (EDT&)a signal,
the coneentration standard, Fig, 18, a,., the Cu(II) in these
signels represented from l-% of the total copbar present,
Near pH 5 or 8, the % total copper as Cu(IT) by ESR in the
native deoxyeprotein was always sbout twice thet in the



Figure 18

Iow temperature ESR spectra of 400, end HONOC.
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oxy: pH 8, .88% oxy and 1.45% deoxy or pH h.9, 1.76% oxy
and lj % deoxy. The % total copper as Cu(II) by ESR in the
deoxy netive HC was generally only slightly greater than
thet in the oxy at neutral pH,

Upon eguilibration of the deoxy protein with NO, a
green color and an ESR signal, such as seen in Flg. 18, c¢.,
with gm 2.07h, // 2.299 and A 0.017 were developed. The
g=velue at maximum sbsorption (gm) should be close to
g | (82). The four components of the g// portion of the
signal arise from intersction of the unpaired electron
with nuelear spin of copper, 3/2., Their existence is evie
dence of electron density, from the unpaired 4 electron in
this cese, at the nucleus, The g// portion or fine structure
then glves some indication of sigma or ®s® character of the
unpeired eleciron,

A definite incresse in "s" chearacter, as comparéd with
Cu (EDTA)E,acccmpanied the signal at each of the three
plis studied., Double integrations were made of the HC=HO
cuprie signels in ssmples teken at regular intervels during
heb hr eguilibrations of the protein with the gas. Ub=-
servations from 15 separate experiments, mede over two years,
are summarized in Fig, 19. Determlnation of totel copper
by the biquinoline method was wmore reproducible than measure-
ment of the Cu(II) ESR signsl from a ures denatured protein
semple, Rqullibration at pH 8 took substantially longer
in either buffer. Fig., 20 shows the difference in develop=-



Figure 19

The development of the Cu(II) ESR signsl in HCNO with
time and the dependence of final ¥ total copper eas
Cu(II} on the buffer used end the pH of reaction.
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Pigure 20

fow temperaturs ESR spectra alter 30 minutes
equilibretion of deoxy~EC with 5O gt pH & end
yﬁ f:‘:=
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ment of the signel after 30 minutes at pH 5 end &, The
signal et pE 0.0 develops symmetrically compared to these.
All signels retained their originsl symmetries upon con-
tinued equilibration. Further resolution of the reglon
around g =2 revealed an 8, possibly 9, component hyperfine
structure, Fig, 21, with splittings from 1012 gauss, Thias
byperfine was difficult to resolve in sanples which had
been passed through Sephadex G75 and almost impossible to
resclve et pH 5,0, except in ssmples taken 10-20 min after
eguilibration with NO at this pH or with 1 mW {ncident
power in the 2 hr sample.

& series of experihnnts was carried out to determine
whether the main cupric signel and the hyperfine lines at
& 1 arose from the delocalization of an eleectron over the
sime structure. Deoxy hemocyanin was equilibrated et PH 6.9,
with NO for 1 br at 0° ¢, The signal height of the main
signal, between 3.17 and 3.293 kg, and one hyperfine peak,
3.1917-3.20 kg, Fig, 21, were recorded with varying inci-
dent power at esch of four temperatures, minus 176, 135,
113 end 5 degrees centigrade. Six values ineluding and
between 1 and 150 milli Watts incident power gave six re-
cordings of signal height for fine and hyperfine structure
at each temperature., The veariation of £H with the square
root of power, Fig, 22, indicate that the hyperfine lines
arige from e different strueture end sre superimposed on

the cuprie gl signel. Whether one electron is delocalized



Mgure 21

Resolution of hyperfine structure in HONO.
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Flgure 22

Power saturetlon behavior of the fine and hyper-
fine components of HONO at pH b.5, after one hour

squilibration of deoxy-HC with NC.
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over twe different types of nuclei or twe types of unpaired
electrons are involved will be discussed later {Experimental
Sectlon II, D, 3, c.)e

It was possible to reconstitute native hemoeyanin from
the HC=NO complex prepared at neutral PH by anaerobic addie
tion of dithionite, 2 mg/ml, following the same procedurs
as used for reduction of the apo=Cu(Il) oomplex. The
recovery of functional hemocyanin was measured by percent
rece%ary of absorption at 575 mu on the basis of that
expected according to total chemicsal copper or protein con-
centration., Recovery of functional HC was also measured
by the diseppesrance of cuprie ESK signal, The latter
was estimated by double integration of the Cu(II) signal
remaining after redustion. That percentage of the total
chemicel copper as Cu{II) wes subtrscted from 100 to give
pereent total as Cu(I), presumably functional. The corres-
pondence between the total Cu(I) copper by ESR and functional
copper at 575 mu was not completely relisble, In three
cages 90-95% total eopper present s Cu(I) did correspond
respectively to 90-95% regeneration of (D at S75 mu., At
other times, however, the presence of 70=-50% of the total
copper as Cu{l) by ESR corresponded to regenerations of as
low as 20% OD at 575 mwm,

Similer reduction of the HC=NO, prepered at pH 5,0,
resulted in the formation of & clear blue solution, just

upon standing at 4° C in the presence of dithionite md
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nitrogen for four hours. This materiel had 85% of its
total copper as Cu(I) by ESR. On the basis of the extinec=-
tion of HC=0, at pH 5 and 575 mu, restoration of COD in this
material was 606%., The color change, however, was not
reversible upon flushing with nitrogen. On the basis of
total copper present the copper extinction 9575 M'l cmfl
is 270,

b. MNagnetic perameters,e discussion. The electron
epin resonance parameters, A, the fine structure splitting
factor and g// end g 1 have been used to estimate the appro=
ximate geometry and degree of covel ency in many copper
conteining organiec copper complexes (3, 11, 15, 43, 47,

65, 92, 110) and natural (66, 81, 82) and model (15, 81,
136} plologieal copper complexes., The moclecular orbital
approach, to & relationship between the measured resonance
parameters and estimeted covalency parameters, has been
uzed in meny of these studies, (3, 11, I3, 47, 65, 66, 92,
110, 136). More simple approximations, not based on &
specific orbital hybridization and evaluation of "S%, the
overlap integrasl between copper and ligand orbitale, have
been used in some of these studies (15, 81, 82), A brief
deseription of "g", the spectroscopic splitting factor and
its relation to < and £, the covalenoy paremeters for ine
plane © and W bonding, should provide sufficient background

for the comparison of the HC=-N0 spectra with spectrs from

other such studloes,
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When & free electron in an orbit iz exposed to a
maegnetic fleld of strength "H", 1t begins to precess in
two ways. It precesses around the originsl spin direction
end ite total orbit begins to precess, see Appendix IIT, a.
This is because there is e magnetlic moment arising from
the spinning of the electron end another magnetic moment
arising from the electron traversing an orbital path,

The anelogy from electricity is the magnetic moment
.which arises from a current in a loop end which depends not
only on the strength of the current but also the erea
traversed, or the number of turns. |

The angular #elocity of precession, W, is directly
proportional to the intersetion between the imposed nage
netic fleld with each (either orbital or spin) internsl
magnetic field and inversely proportional to the orbital
or spin anguler momentum. The angular velocity of the |
gpin procession of & free electron,Ws, is approximstely
twice that of the angular velocity of its orbital precession,
W, « That is, if a proportionslity faetor, "k%, is unity
for W,, 1t 18 sbout 2 for Wy , It is as 1f the resultant
magnetic moment of the spin, A, , were iwice az long as
that expected, Appendix III, b, The constant of propor=
tionality, k, is 2.,0023 for a free electron in an external
magnetic fleld., 1In the most simple case it indicates the
proportionality between the orbital and spin engular veloci-

ties of precession, It is dimensionless snd is slso known
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as the "g" value and spectroscopic or Landé splitting
feetor., It is belleved that the value may differ from
2.,0023 as a result of a contribution to the spin angular
veloclty of precession,l, from the orbitsl angﬁlar velocity
of precession » talled spin-orbit coupling. The extent
to which this heppens is highly dependent on the geometry
and occupsncy of the orbitel., In feet, the g value cen be
related to a degree of covalency, This will become more
clear in the description of g// and g L .

Since the magnetic moment vectors, U, and ug, Appendix
11i, b., have components parailel and perpendiculer te the
extornel magnetic fleld, H, g// and g | may be imagined %o
be the ratios of the parallel components of %5% or perpendi-
cular components of %%3 s respectively. In other words,

Ex ® gy gL while g, = g//+ Teking Cu(II) in an xy plene
of L ligends, as an example, Appendix III, b., g// will be
greater then g\ If the hole is in the xy direction, and

the structure will resemble en elongated oetahedron. The
value of gy exceeds that of g//, if the hole, or low metal
electron density, ig in the 2 &irecﬁian end the structure

willl resemble & compressed octahedron (1%5). For the cubie
cage g// = gy . Host Cu(II) complexes have g// g, (65),
and in the molecular or51t31 approximations are considered to
be square planar complexes with perturbations along the z axis,

The g values can be directly determined form KSR spectra

sccording bos
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hy = gbE
where H = field strength in gauss
h %-Flankﬁ constant, 2.99 x 1010 erg. sec,

V = frequency im em™t

and ﬁwﬂ -, 9.27z2 1 ergs/gauss

n‘me

(NBe fB=p in (w-kH m_
P

In determination of g//, the field strength, H, is read
from the center of the copper nuclear signal, the "Pine
stractura”. This is the four line spectrum arising from
8 copper electron interacting with the nuclear spin of 3/2,
The g1 or gpvalue (8l) 1s calculated usiag the H value
at the peak of absorption, zeroc slope in the original or
the polnt of meximum rate of change in the derlivative
spectrum. There are rive atomic "d" orbitals, three inter-
axisl end two exial as seen In Appendix IV, &, None has
electron density at the nucleus., Since cupriec spectra do
show nuclear fine structure, however, the "d® electron must
have some "s® character, It has been shown, in copper
complexes, that the density of ligand orbitals at the Cu
nucleus is very small and that the proportion of "a® to "a®
charscter in the Cu atomic orbitals is ralgtively unchanged
by the presence of ligends in most eopper complexes (065).
The bonding in transition metal complexes iz considered
to be electrostatic, lon-ion or ion=dipole and considering

the exes in Appendix IV, a., %o be inter-atomic axes, it
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csn be seen that the non exially directed, d xz, 4 ys, and
4 xy, orbitels sre more stable, Appendix IV, b, Electrons
stay sway f{rom point charges as much &g possible, The
energy levels of Cu(IY) complexes with bonding eand with

bonding ere given in Appendix V, taken fyom (£5),
The g velues of & Cu({Ill) in & aquare planar complex are
approximetely related to A K xy end A xg by the following
equetions (15, 81, 65): |

g/f = 2,0023 = B vao( b,
J

B = 20023 = 2Nk B
& x

vhere

L Xy = El”ﬂxz.xa
L ERE = Hl“‘ti*yz

N,= Spln orbit ecoupling sonstent of the free Cu(Il)

fon - =~828 om-l
A = Ceveleney parsmeter for ineplane Qa_bonﬂlng
-

{1if o{ = 1 the bond is ecompletely lonie
o s 0.5 the bond is completely covalent)

#

b

Covaleney parameter for ig-plsne T bonding
(it ﬁ;él there are lorge overlap integrels "s"
ﬁf:a.s vanishingly smaell overlsp iutegrals)

ﬂ = Covalency paremeter for gut of plsne T bonding



99

For the case of Cu{Il) in a square planar field, Blg
represents in-plane @ bonding in group theory notaiion.
Bzg represents ineplane T bonding end Eg repressnts oube-
af=plane bonding. The sequence of molecular orbiltals
hes not been unembiguously assigned, but "the unpaired
3d electron is almost certainly in the Blg level® (65),
In other words, the bhole is in the xy direetion, the liquid
plene, and g// is greater than g( .

For most Cu complexea,oﬁa is in the range of 0,75-0.90,

Ceruloplasmin ané laccase are exceptions with 0(.2

valuss

of 0.h5 end 0.48, respectively (81). The smaller the value
mf(x?, tue greater the covelent nature of the bond, The
trend iz in the expected direetion with Cu(II) seli-
cylal&ehyﬁé-iminea and phthelocyeanines sre more covalsnt
than oxalstes (65), The orbital éxaitation energies &

Exy and DE,,, can often be measured from the visible
speotrum, Generally O, 1s ebout 1Z,000 em~1l while

A Eyy is sbout 25,000 em~t (65). They have also been
deseribed sa the cnergles needed to ralse an electrén Tyom
the ground state to the first and second excited states,
respectively (if, 81)., In oxyhemocyanin at room tempsrsture
Aﬁxy 2 17,400 en*l (575 mu), BE , = 28,600 (340 mu).

The megnetic perameters for the HC-NO compler, g, ® 2.07h
and g// ® 2.299 end A = 0,017 em'l, characterize the symmetry

as elongeted octahedral, similar to most Cu(II) complexes,
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2
The { value for HC-ND complex can be estimated using

these velues in the equation (65, 81):

A= =(asp) * (e//=2)%3/T(gy =2)+ 0.0}

with F = 0,036 ou™ (1), The value is close to 0.49, indi=
cating & high degrse of covalency for the in-plene sigms
bonding, as was found for both ceruioplasmin &nd laccese (81),

¢+ Source of the ESR byperfine structure end the low
temperature optical apectre, For awhile it was considered
possible that the hyperfine arose from Cu(II)=Cu(II) gEpec=
trum which ere distinetly different from the HC=NO spectrun,
The cupric acetate L3R gpectrum hes 1) no gl structure

2) a 7 line fine structure with A= 70 gauss, and 3) 1t doss

not follew Curie's law, i.,e. the intensity of the 8lgnel
da&raasea ags the temperature is lowered. This last Tegture
was finally interpreted (1l1) as a depopulation of s exe
cited triplet state, the only paramagnetic state in this
sompound., The HC-NO speetrum has 1) a definite g L structure,

2) an 8-9 line hyperfine structure, with 4 = 10-12 gauss

and 3) does follow Curie's law, i.e. the intensity lnereases
a2 the temperature ls lowered. In addition, the power
saturstion studlies at four different teumperatures, Flgurs 22,
indicate that the fine and hyperfine structure do not arise
from the delocalizatioa of an electron over the same nucleus.,

Cobalt 60 gamme irradiation has produced fres radicals



Pigure 23

Byperfine stracture modelis for the low

temperature ESR gpectrum of HONO.
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formed by the loss of the H from the ~CERe group of the
polypeptide chain (45)., Delocalizstion of the free slectron
aver‘hydfegen nuelei gave fine structure in the reglon of
3.2 kg. Lines with 18-22 gsuss saparatian, with a possibla
substrueture of 2,5 gauss width were observed. Necause
of the uniform "A® value of 10-12 geuss and the loss of
hyperfine structure with ineressing proton concentration
in the HC-NO spectrum, it is unlikelj that proton resonance
contributes to the hyperfine of the Hi-NO signel. The
HC;ND hyperfine structure, on the other hand, corresponds
quite elosely, in hoth melntive inbensity sud haif width,
to that from Cuel 1nte§acticg found in Tris complexes of
Cu(II) (3) and Cu(II) phthaloeyanin (66), The magnetie
parameters of Cu(rI) 1,10 phenanthroiine md 2,2 dlpyrie
di‘ne,‘ respectively, were g// =2,273-2,268 and By = 2,062«
2,016 and A = 0,0161-0,0166 cm™L (3)« The fine structure
of these spectra showed little "s"™ character or coupling
of the unpsired slectron to the Cu nueleus. The hyperfine
struoture of botk complexes which contained naturally
oceurring copper, consisted of 13 components., When samples
a@htaining only Cu 63 were prepared and examined, only
9 components were found. This indlcated that the unpaired
Cu elestron was interacting with only four equivalent
nitragena. The four extra lines arose from the slightly
staggered superimposition of the same intersction in the

less sbundent isotope Cu 65. The two Cu isotopes have
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slightly different magnetic moments,

If it is the copper electron which gives rise to
both fine end hyperfine structure in the HC-NQ spectrum,
then, considering the probable presence of both Ou iso-
topes, the 9 component hyperfine would indicete delocaligzae
tion over only 2 nitrogens, If the electron giving riwe
to the hyperfine is not the copper elestron, then, of courss,
the 9 component hyperfine would indicate delocalization
over four equivalent nitrogens. The fine and hyperfine
strueture, therefore, may erise from the delocalization of
one electron over copper and nitrogen nuclei or two electrons,
one in a copper atomic orbitel, the other in a nitrogen
atomiec orbital, The specific possibilities are:
lQ 1 electron in 1 Cu¥ molecular orbital (HO)

2« 1 electron in 1 ground state CuN MO
1 electron in 1 excited state CuN MO
3. 1 electron in 1 Cu atomie orbital (AO)
1 electron In 1 ¥ AO
L 1 electron in 1 Cu AO
1 electron in 1 N AD, with transfer between atomic orbitals,

In the first case, the spin relexation time is the
same for The Ou signel and N signal. That is, the spparent
difference in power saturation behaviour may be due to
moduletion broadening which is noticed in the nitrogen
signel first, If this is true, the aree (height x a;ﬂa)

of the Cu signel should have the same dependence on power



103

as the ares of the nitrogen signal, From Pig, 2| this is
aeén not to be the case, In the second posaibility, the
saturation properties may truly differ, as we Dive observed
to be the case, The N signsl should also incresse or
decresse relative to the Cu signal as tempersture is
varied at a single incident power setting. Figure 25 shows
this to be true. This automatically excludes the third
case in which power saturation properties may differ but
the pemperaturs propertieas should be the same. The fourth
case, slong with the second could heave characteristics
cénaiatent with the observations. If there ere two different
electrons in two different atomic orbitals and some form
of transfer or exchange exists between them, it would be
possible %o ase & trus diffevenss in both power and temp=
erature saturation. Unfortunatelysthen, a closer exsmination
of the power saturation data &t four different temperatures
does not allow a distinetion between the two mejor possi-
bilities., 1In one possibility the psramagnetism arises
from one sleetron distributed over two nuelei, in the
othkr‘it ariges from two electrons in different atomic
orbitaln.%

It is also difficult to distinguish between these
two possibllities on the basis of the variation of the

*Phe interest and suggestions of Dr, Barry Allen are
gratefully acknowledged.



Pigure 24

Power saturation behavior of the fine and hyper-
fine components of the HESR ppectrum of HCNO at
77°E. Confirmation of the different bebavior of
the two components, by consideration of modulation

broadening.



height x (AHgauss)? = area under peak




Figure 2%

Temperature saturatlon behavior of the Tine and
byperfine compousnts of the HCNO gpin resonaace
glgnal at £hrat Gifferent incident powers; 1 mW,
50 =¥ end 150 oW,
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Cu{II) ESR signal with pH. This is because both may be
couslstent with the varistion of hyperfine and total cupriec
expression with pH. An lnereased hydrogen lon concentra-
tion in either phosphate or Tris buffer was accompanied
by a ﬁéfinite inerease in totalAeopper expressed as cupric
by ESR, Pig. 19, and the virtual disappesrance of hyper-
fina structure, Fig, 20, The amount of delocslization
of the same electron over different nuclei could be affected
by pH, and could also give rise to different power sature-
tion curves s observed 1n Flge. 24, If thers is a second
delocalized aleétrcn, not from the copper, the totsl cone
eantfatian of perameagnetlic species eround g=2 may also
inereese with decreasing pH. The incressed hydrogen fon
aanaentration may independently decrease the "s" character
of the aitrogen atomie¢ orbitals, In the case of one elec=-
tron over Cu and N nuclei, the inereased paramagnetism at
3.2'kg wduld arise from the same phenomenon as the de-
ereesed hyperfine intensity. In the case of two electrons
in two atomic orbitals, the ilncressed peramagnetism snd
diminished hyperfine structure m&y»ariae from different
phenomena, ‘

A Cu(II) BSR spectrum deyalaps upon reection of hemoe
cyanin with NO. This indicates that there hes been at
least & partiel transfer of electrons away from the coppere
coﬁtaining active center, possibly towsrd the N0 moleculs.
Tnis last idea would be consistent with the belief that the



108
density of ligend orbitels st the copper nuecleus is very
small in most Cu(ll) complexes (65), It would also be
consistent with the proposed accomodation of metal electrons
by moiecular orbitels, derived from the || electron system |
of NG, in trnnnit;on-metal nitrosyl eomplexes (48), For the
purposes of cnnsmlidating the observations on HC=-NO, an
illustrative model will be used. It will be considered
unlikely that we are observing eny paremsgnetism from an
electron originelly belonging to NG, It should be remembered,
however, that the daeta mey be consistent with less conventione
al models, e.g. CuleNO.

The paremagnetism will then be considered to erise
eithér from the unpaired electron vemeining st the copper
or both this electron and one délacalized over nitrogens.

In the former case, the hyperfine structure may arise from
enly:ﬁwo equivalent nitrogens because of the isotope con-
sidawationa. If the 8«9 componémt hyperfine arises from
sn electron other than_thé Cu electron, 1t would indicate
délogalization over four equivalent nitrogens, It is not
possible to distinguish between a ligend nitrogen and that
in NO in these spsctra becsuse the ﬁitrog&n nucleus in NO
mey indeed be Mequivalent® to ligend nitrogen.

The presence of both copper isotopes has been cbserved
in Cu(II) phthaloeyenine (66). The presence of either
two copper 1sotopes or two coppers of slightly different

ground state energy in native HC is Indlcated by both ESR
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and low temperature optical spectra of the HC-0_, Fig.
18 and Pig., 26. The two peaks of the cupriec g | signal
of ECeNO, Fig. 21, do not hehave in an exactly parallel
menner during power saturation., The low temperatyre
epfieal spectrum of oxyhemoecyenin, Flg. 26, reveals four
abscfptions, two in the region of 4E xy and two in the
region of AE xz. If the 660 (15;2@0 em~t) and L20mu
(23,800 amfl) are assumed to belong to one type of copper
and the 550-60 (18,050 emfl) and 360 mu (27,800 em'l)
to & second, the values of & Exs/ £ Exy are 1,56 end 1.5k,

for & number

Yf\na

o

y o ¥
respectively. This rati

]

of Cu{II) complexes (65). The values cbtained for oxy=
hemocyanin are ﬁimilar to thoese found for denatured lacesase
(1.51), Cu({II) acetylacetonate (1.54) and Cu(II) phenyl=
porphin (1.5.). |

The derivative spectrum of oxyhemocyenin, Fig. 18, b.,
is very close to that seen in Cu(II) phthalocyanine and
aseribed to the presence of the two relatively sbuandant
cbppsr isotopes (66), This phenomenon may contribute
slightly to the brosder fine structure that wes seen in
Tris complexes with both a mixture of CuéB and Gués (3).

The low temperature speetrum of HC~NO, fig. 26, exhibits

two broad absorptions, 560-600 and 350=70 mu, Since the
swo coppers of slightly different ground state snergy, be
they in different environments or isotopes of one another,

appear to be involved in oxygen binding, it iz possible



Figure 26

Iow temperature optical spectra of HGGE and HONO.
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that they may alsc be involved in HO binding. In this

case it may be reassoned that the degree of oxidation at

the active site, produced by NO, is sufficiently greatsr
thaa that produced by @2 to obliterate the distinet transi=-
tions of each copper. Other interpretations are also
possible., We may, for example, be cbserving the predomine-
ance of one typg'ef copper in the NO complex.

In summary, both low tampa?aturé optlcal and ESR
spectra indicate the presencs o: two coppers of slightly
different ground state energles, possibly the Cu 63 end
¢u 65 isotopes. The hyperfine structure in the ESR spestrum
of HC~NO may arise from the delocalization of the cuprie
electron over two eguivalent nitrégens. The possibility

ghat & different electron 1s delocelized over four equi-

valent nitrogens, however, has not been ruled out.
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GENERAL DISCUSSION

4 Grouﬁﬁ Stete Characterization

A+ The Number af Coppers at the Active 3ite

8e By Statistical Ratio, The stetisticel ratio of
2 Su/Qa may be a true representation of the ratlo at the
active center, It would alsc be observed 1f only one copper
interacts with O, at each active site while a second is
eithar non funetional or meintains some structursl stebility
of the protein.

It mey be possible to determine whether one or two
coppers sre functional at the active site by polarographie
determination of the ratio in partially denatured hemo-
cyanin; The only unequivocal result from such sn experi-
meat would be & decressed Gu/Oa ratio, indicating that
less then two coppers are essential for the binding of
an oxygen molecule, The possible results from aﬁch an
expsriment will be considered in the following diseussion
with reference to Fig., 27. The difficulties in anelysing
the results of such an experiment arise from not being
abl&vta determine whether the psrtial denaturation oceceurred
in a rendom or ordered fashion., The extent of deneturation
would be equivalent to percent total copper expressed as
Cu{II) by ESR. The condltions should be such that this

value is close to that which can be cbtained from loss of

optical activity.,



Mgure 27

Aotive site sonfigurations possible in psrtially

denatured hemocyanin.
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In the case of 25% denaturetion one could distinguish
a rendom from an ordered donaturation}but distinguishing
batwsan atructural and functional coppers is impoasible,
In Pige. 27, 2., if the coppers were lost in pairs, case I,
ordered denaturetion, the ratio would remain 2 cu/ﬂa.
The ratio would be higher only if the denaturation occurred
in a ran@am feshion, II, III, I¥, If the retio were less
then two, 1.es 6 Cu(I)/ }0,, less than two coppers are
needed at the sctlive site.
~ Now consider the oxygen capacity of 50% denatured
material, Fig. 27, b. If there is no oxygen binding to
the materinl at all, it is probable that denaturation
ooseurred at each sctive site in & uniform fashion, b., I.
The same result would be obteined 1f only structural coppers
were uniformly oxidized, leaving'tha reduced pctive sites
intact but non-funetional, Structural and functional eoppers
sould not be distinguished if all sotivity i1s lost. On
the other hand, if the copper present as Cu(I) binds eny
oxygen et all, the denaturation cen be elther ordered,
11, III, IV or random V. A ratio of 2 Cu(I}/0, could be
obteined from II, III and IV and as in native material
not distinguish structural from funetional Cu. If a higher
ratio were obtained it would once ageln be an indication
of random denaturation V, disecounting the possibility of

a non uniform mechsnism of denaturation, Flg. 3. However,
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if less than two coppers are needed a2t the sctive site
bsy ¥V would give a ratio close to two, meking it indiatin~-
guishable from II, III and IV, Only a retio of leas than
2 Cuii}/ ﬂ2 would unequivocally indicate & non correspon-
dencé between the statisticel ratlio end number of coppers
at the ective center in native msterial, The same holds
true for the 75% denatured materiel, Fig. 27, ¢. A ratio
of two wouldn't give an indicetion of ${ype of denaturation
since it could arise from II or I, & statistical ratio in
8 #mall section of the native meterial, A ratio higher
than two would egein indiecate reandom destruetion III,
indistinguiahable from I if less than two coppers are
needed at the sctiva site, |

These considerations make it c¢lear that knowledge of
the Gu{I)/GE ratio in partially daﬁatured materiel may
indiecate the type of denaturation effected by sgents such
as ureas or chloroform in simple cases, A retio of lesa then
E,Gu(l)/ﬁz in say csse, however, would indicate that less
than two coppers are neceasary at the active site,

b. From Spectral Informetion. It is not possible
to conclude that two coppers bind one molecule of oxygen
at’the active site from the statistieal ratio, even in
conjunction wi th the optleal density information., The
®5o5 W lem=1 copper 1s 600 i1f all coppers intersct with
oxygen. This would be consistent with a favored ded transi-
tion or & low charge tranafer transiticn for each copper,

as summarized in the introduection. If, however, only helf
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the Cu(l) coppers were functioning to bind oxygen, one
partially oxidised copper at esch sctive site, the extince
tion would be doubled to 1,200, A number of cupric come
plexes are known to have charge transfer bands with ?&

max in this region and e M'lem'l copper, in the order

max
of 103 (18}, for example, 0u (diazoamino benzsna)h has

A max at 625, with e ax ® 1850 and Cu (oxelyl dihydrezone
of formsldehyde), has A max at 580 with e ey OF 6700,
In addition "hlue proteins™, with xﬁ,max 520-620, have
extinetions in the order of 103-16“ and a partially oxie
dized Cu{l) appeara to be involved, In the resting forms
of both caruloplssmin and laccase, the Cu(II) ESR signal
aecaunts only for mbout 50% of the total copper present
in these proteins (82). It has been suggested that Gn(I)?
Cu(II) intersctione contribute to the intensity of visible
absorptions exhibited by these proteins (138)., It is most

likely that the intense blue of oxyhemocyanin is due to

some Cu{I)..Gg charge transfer complex (82, 87). The intersst

in'whether two coppers are necessary, for this complex,
or nét arises from the attempt to understand the chemicel
mechenism of oxygen binding. A decision in this regard
1s as difficult when considering ﬂa interactions with other
metal chelate cerriers as it 1s when trying to analyse
stﬁtietieal retios or optical spectra.

e. Anelogy with Known Synthetic Reversible Oxygen

Carrying Chelates., All truly reversible Co(II) chelate
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ca:riers contain two metnl atoms per 32 molecule (133).
A ¥n(II) phtbalocyenine reacts with moleculer oxygea With
the same ratio, but noﬁ reversibly, On the other hand,
Fe(Il) in hemoglobin reversibly associated with e ratlo
of 1:1 and in dimethylglyoxime, with e possible ratio of
one metal to two oxygen maleeules (31). Mn(II), Pe{Il),
N4(IT) and Cu(Il) chelates, snalogous to the Co(II) chelates,
heve been prepared but none reversibly sbaorb oxygen (16).
An unsteble yellow brown adduct betwéen one Cu{I) and an
0, molecule has been postulated for a Cu(I)-cysteine complex
which adds-62 reversibly (3L4). The adduct is not & trﬁa
axygén carrier, however, since in the presence of oxygen
for & few minutes it irreversibly oxldiszes to & violet
brown radicel complex and finaliy oxidizes to Cu(II),
Hecent X-ray analysis (52) indicates that the structure of
monopyrlidine copper (I1) scetate contains copper-ﬂa-carbon
bridges,

Pifteen years ago the combining tatio of hemocyanin
with oxygen wes suffieiant to imply "thet the prosthetic
group conteins two atoms of copper in close association®
(102), This remains true. Specifiec functions of atonms

at aetive sitee (11l) md interections between asctive sites

bave~bacome evident, however, making our knowledge appear

leas complete,
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. B. The Nature of Bound Oxygen

On the basie of the e 75 (02)'1 determined in Experi-

mental Seetion I, A, sn extinction e (02)'1 ¢an be

340
ealeulated., The emax/bu for the 375-340 band of oxyhemo=
cyenin has been reported to be 6,000 (138). In oxyhemo=

cyanin from Cencer magister it is only sbout 3,700 or

approximately six times that found at 575 mu (118). multi-

o]
plication of the values found for o, (0.)
575 2

or deoxyhemocyanin blenks, gives an approximete value of

» With buffer

©31.0 (0,) T b b,400 for the difference spectrum
and 7,600 when a buffer blenk is used, Optical properties
of known species of oxygen are summerized in Teble ViIu
The oxygen molar extinctions estimated for oxyhemoeyanin
sre larger than eny which have bqan observed for a parti-
cﬁlarISPeeies of oxygen.
Iz E:aited State Characterization

A, Triplet GQuenching; Determination of the Order of
Decay

Triplet photoactivetion speetra and half lives were
observed to very in the presence and abseneé of copper or
oxyg#n (Experimental Section I, B.). 411 decay curves in
tﬁeir initlal sand mejor portions were found to be first
orderi mesaning that the primery quenching process wes pre=
déﬁinantly en intra-molecular one in both the frozen oxye
genatéd end deoxygenated sclutions, This not only indicates

thet all solutlions were apparently free of contamineting



TABLE VII

Summary of optieal properties
of proposed species of oxygen

in agueous solutions,




TABLE VII
Postulated k a,M‘lcm‘l
species mex (mu) 25° ¢
Hydrates 200 30=60
(Hy0) 05 215 h~15
HOo 230 1,150
HO, pH< 7 2sh 2,750 ¥ ho0
0" PH>T - 2ho 1,060
254, 980

0~ pH = 7 250 3,140 * hL7o
0y 260-270

04 Lb2o=4ho

Transient forms

at pH> 10

5.0 i Yoe!
1303i @3 h30=iho

or 03

ohf, GE', 3@5“ 2ho

or HG3=

heference

(Sh)
(sh)
(27)
(27)
(27)

(27)

(27)

(27)

(27)
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quanehar specles, but that both oxygen and NU complexes

of hemocyanin act as slngle wolecules and not loosely
associated edducts with respect ta triplet activity at
this temperature., This may not be true at higher tempera-
turaa. beviation from Iinsarity in the semi-log plots of
consentrations were often observed in the last stages of
decay at -196° ¢, The actual quenching mechsnism may be
eithur an intra-molecular, first order Processg or an intere
molaeular, second order process. Knowledge of the guenching
mechaniam, betwean copper or oxygen and the proteln triplet
would be valuabo to further characterize the triplet state
in the protein,

The two mechanisms might be distinguished by observa-
tlon ©f the effect of partisl oxygenation on the triplet
parameters of hemocysnin at low temperature, If life times
decreased with inereasing concentrations of bound oxXygen,

a éedond order process would be indiceted., The sbsence of
such an effect, always experimentally less setisfying,

would have to bevtakon as an inaieétion of & first order
process., At this time there 1is ho apparent way ian whieh

the intrs-molecular process ecould be independently established
for a protein triplet. In other studles of tripiet decay
processes (9l) first order decay rates varied directly with
solvent viscosity., Similarly, if haif lives of triplets
frém.oxyhamaéydnin inereased directly with viscosity, an

1m¢0pendnnt measurement of any intras=molecular quenching
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would be possible., Such an experiment would be difficult
if not impossible at the present time., Amino scid and
protéin triplets cannot be measured at room temperature
(96), as many aromatic hydrocarbons can, Frozen solutions
have been used for LSR determinaﬁimna. Inereaging tem=
perature from «196 to -10° C would not provide the neces=-
sary viscosity ehange (G4). In adéition, any triplet
concentration and half 1life variation with tempsrature
woﬁld almcﬁi cortainly appear to be first order since they
would arise only from increased kattice vibrations. Even
if fluorescence (singlet) and triplet sctivation speetra
were found to be ldentical and appropriate none-densturing
solvents, less viscous than glycerol, were in hand, a
distinetion between triplet guenching in proteins by a
first or second order process would not be possible. A
dagrenned excited state concentration with lnereasing
viscosity could be charscteristic of either mechsnism and
singlet life times, 10'6, are too short to measure,

B, Characterization of Exclited States in Protelna

Ui1th e view toward incressing the information asbout
the ekcited states in proteins, the determination of a
filuoreseence (slnglet) photosctivation spectrum for apo
and ﬁative hemocyenin, in the presence and absence of
oxygen; would be valueble., Comparlson between these mnd
corresponding triplet apeetra.weuld reveal energy transfer

processes, if they exlisted. To meke the spectre comparable,
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a.Sluorescenoe spectrum using any uv wavelength for scti-
vation, 29@ mu, for example, would first have to be re~
corded to determine the wavelength of maximum sctivation.
A second spectrum, comparsble to the triplet sctivation
'spéntrnm could then be recorded with the detector set at
that A max value, The relstionship between triplet and
singlet quenching has recently been studled (39).

| Exposﬁra of insulin or ribonuclesse to acid, ures
or dodeeyl sulfate resulted in enhancement of fluoresecence |
of the tyrosyl residues (25), This indicates that tyrcayl
residues ere situated in both native proteins so that
fluaresédncs iz diminished., A similar study, measuring
the efracﬁiof partial dénaturatien on both triplet and

singlet activation spectra could be carried out for

33
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gent whish unfelds the protein with mini-
mum oxidetion of copper would be the most desirable, to
minimize quenching by Cu(II). If unfolding by sll egents
results in signifiecant amounts of Gﬁ(II), the enhancement
or chenge sought after would be es&sily masked by para-
magnetic éuenching. The same experiments on well character-
Léed apo=protein sclutions would svold these problems.

It is likely that sromatic residues involved in triplet
activity ere also ianvolved in aubunit}binding since uv

irradiation, alone, can cause dlssocistion of hemocyanin

into subunits (122, 123).
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Proteins which reversibly assoclate with gases or
form complexes whiah can be easily dissoclated upon ir-
radi&tion may be peculiarly auitod to inltlal attempts at
characterizing excited states in blological materials.
The electron systems involved may be the same as those
involved in the bilologleal funetion and variatlon among
excited state perameters mey be directly correlated with
an obaervablé elteration in activity, Trensitions between
energy levels comparable in magnitudevto triplet transle-
tions can oceur in all protein solutlons since they are
ail aensitive to uv (L, 111) irrediestion, The role of
the triplet state in blologiecal materials, where thess
levels are lees obviously linked with function, is still
unknown, Trensfer of the energy of electronic execltation
cen occur scposs diszbances greater than 50 A by a process
whicb has been called "inductive resonance” and has recently
been prcpéaed to contribute %o enzyme=coenzyme interactlons
(115).

T Neture of Bound Oxygen and the Triplet State

No triplet signal wes seen between 950 and 1,950
gauss in unirredisted samples. The ground state of the
oxygen molecule 1n the ges phese 1s & triplet (19} At=
tempts to observe the ESR spectrum of either atomiec or
molseular oxygen in polycrystalliné inert materials have
been Qnauceessful at low freguencles and low flelds {(60),

By using botk high magnetiec flelds and high freqi encies,
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two resonances, asscciated with molecular oXygen were
recently observed (61). They were at 37 kie/sec and
71 kile/sec for oxygen trapped in s eingle erystal of a

gﬁ quinel elstherate at liquid helium temperatures.

The fallure to observe a triplet signsl from oxygen
in the hemoeyanin experiments was to be expected, These
observations are also consistent with recent evidenece for
the existence of altered forms of oxygen in agqueocus
solutions at room temperature. Two hydrates of molescular
oxygan bhave been characterized (53, 5&). Dissclved oxygen
as 08. hes sn absorption maximum et 240 mu while the HOZ

radical absorbs at 230 mu (27) and the 0_ 4on st 340 mu,

_ 2
(55}« Trensient species, H0_~ or HO_ and 0. or H_O.,
2 3

3 2

have been proposed to account for pH dependent absorptions
seen st 240 and 430 mu, respectively (27). 4 mechanism
to deseribe the reversible binding of oxygen to hemoe
eyanin need not account for an undetectgble triplet from
oxygen,

Ds The Energy Required for Photooxidation of Cu(I)
in HC, & Speculetion: »

There is no correlation possible Between nV, total
power of irrsdietion end the electrochemical potential,
iIn aV, for the oxidation of a cuprous fon, since the latter
is of ecourse measured relative to the standerd hydrogen

slectrode in which the ionization HB 2K 26" has been
set at D,00 mV (73). If an absolute voltage could be



| 119
expefimoﬂtally determined for thie reaction and both the
bond dissociation and electron ifonigstion were known in ‘
electron volts, & simple proportien between this ratio and
the potentlial for the cuprous cupriec couple might give the
electron affinity of Cul(l) in eieutran voltas

mV H couple 7~ mV Cu!Ig couple
eV & reaction - eV & ¥
This proportionality between power and energy was assumed

to be valid in an attempt to estimate & wevelength of mini-

mum energy required to photooxidize Cu(I) in HC. The
reduction potential of the Cu(Ij=Cu(II) couple is =0,167V at
PE 7 (15). Under stmderd conditions of unit activity,

the negative value of the oxidaticn potential implies

thet the oxidized form of ths coupls is & sironger oxi-
diging agent than the H%ﬂion in solution, This means that
Gu(II) has a greater affinity for an electron than does
H'¥. In other words, it tales more energy to reverse the
cuprous couple Cu(I)===dCi{II)+e , thae 1t does to reverse
the hydrogen couple Bé-#§25=+ e . It will be asgumed

that the experimentally determined energy of dlssosiation
of the hydrogen molecule i.72 electron volts is the ma jor
snergy gredlent in the hydrogen couple., This is the

energy contained by the system in the lonized state and

the pressure i1s even higher in the cuprous-cuprie ¢ouple

aince Cu(II) picks up an eleectron more easily than H, !
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Withia the 1limits of this very approximate estimation,
théﬂ, one would expect that an energy greater than o7 ev
would be required to lonize an electron from Cu(I). If it
is en energy only slightly graatar; for example, any '.
intensity of light with wavelength 250 mu (freguency 40,000
cmfl, LeB ev)vor shorter, mey cause the ionigation of en
electron from Cu(I), ln & simple lnorgenic system, ss the
prizary photochemicel regetion. It is expected that it
would bo‘evan more Aiffieult to photooxidize Cu(I) in a
bilologleal system, not only because Qf the more negative
poteatial (15) but slso becmuse of side reactions of

smine acid residues with highly lonizing irradiation (L5).
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SUMMARY

An everage stebtistical ratio of 1.8l Cu/0y was determined
for Cancer magister hemocyenin using an oxygen electrode.
Similar experiments, using partially denatured hemccyanin,
may clarify the correspondence belween the atatistical ratlo
and the actusl numbér of copper atoms at the active center,
Preliminary observations were mede on the triplet state in
frozen solutions of hemocyanin. Botb copper and oxygen de-
ereased the triplet yield over the range of activatiag wave-
lengths, Only oxygen consistently decreased the triplet
balf life.

Four attempts were mede to produce an HLiR-detectable
methemocyenin:

1) Deoxyhemocyenin was comblined with excess amounts of
HyO0ps No Cu(II) BSR spectrum could be obaerved in samples
which gave chemical end opticsl evidence of being methemo=-
cyanins. In the presence of excess Hy0, Cancer magister
deoxyhemocyanin had a unique opticel spectrum at both room
temperature and low temperature.

2) Apo hemocyenin was dlelyzed ageinst cupric copper.
The Cu(II) S8R signal from this materlial hed several features
which have been cbserved only in H8R spectra of ceruloplasmin
end laccase.

3) A4n attempt wasz made to photoxidize the copper atb
the active center using intense light at 310 and 575 mm.
Heither s Cu{JI) signal nor an incressed paramagnevism afb

32 kg was observed,



l2z2

i) Deoxygenated Cancer megilster reacted with nitrile exide
gas to form & clear green complex whiéb. hae a Cu{II) ESR
signel. The sigznel accounts for from 16-80% of the total
copper present, depending upon conditions of the reaction,

A model of the sctive center, conteining two copper
atoms of slightly different ground stete energies, was
proposed., It is consistent with low temperature visible

and ESR spectra observed for both /G0, and the HONO comploex.



Le

2.

3.

9.

10,

i1,

1z,

123
BIBLIOGRAPHY

Abragem, A, and Pryce, M.H.L. Theory of the nuclear
hyperfine structure of paramagnetic resonance spectra
in the copper Tutton salts., Proc, Hoy. Soec, {London)
4206:164-172, 1951,

Abragam, A,, Pryce, M,H.L,, Horowitz, J. and liorton, K,%,
Hyperfine structure of paramagnetic resonance-s-slectron.
Proc, Roy. Sce. (London) A230:169-137, 1958,

Allen, H.C,, Kokoszke, G.¥, and Inskeep, L,G., The
electron paremagnetic resonence spectyum of some Trisg-
complexes of copper (II} J. Am. Chem. Scc. 36:1023=
1028, 196k, ‘

Arnow, L.k, Bffecte produced by the irrsdiation of
progeins and amino escids., Physiol., :lev. 163:0671-685,
1930.

Baird, D.C, ixperimentation: &n Introduction to
Measurement Theory and Experiment Design. Prentice-
Hall, Ine. 1962, pp. 138«139, '

Balli, €, aad Meyerhof, B, The occeurrence of iron-
porphyrin compounds and succinic dehydrogenase in
marine orgenisms possessing the copper blood pizment
hemocyanin, J. Biol, Chem. 13h3s483-L93, 19L0,

Ballheusen, C,J, Introduction to Ligand Fleld Theory.
MeGraw=Hill, Inc. 1962, pp. 57=67,

Bayer, L, BStructure and specificity of orgeuilc
chelating agents. Angew. Chem., Internat. _Ldit. in
E‘aﬂgflﬁﬁho 3 2325"332, 19614 .

Beinert, H., and Palmer, G, Uxidation-reduction of
cytochrome oxidase. J. Biol, Chem. 239:1221-1227, 196l.

Bland, D.&., A micromethod for the determinstion of
ecarbon monoxide in the blood., Austral., J. bExptl.
Biol, Med. Sei, 1813547, 1940.

Bleaney, B, and Bowers, L.U,. Anomelous paramagnetisa
of copper acetste, TIroc, Roy. Soc. (London) A2lhs

Bond, A, Studies on oxidative phosphorylation:
oxidatlion of quinol pnosphates, Thesis, University
of Oregon liedical Sechool, Portland, Ore, 196l.



16'

17.

18,

19.

20,

21,

fo
(3%
*

12l

Bonner, W, cited in Estsbrook, H.W, Speetrophotometric
studies of eytockromes cooled in liguid nitrogen, In
JeE, Palk, R, Lemberg and R.K, Norton (eds.) Hematin
Enzymes, I,U.Bs Symp. Series Vol, 19, Pergamon Press,
Inc. New York 1961, pp. L36-460,

Bray, R.C. 3Sudden freezing ss a technique for the _
study of rapid reactions., Bloechem, J., 81:189-195, 1961,

Brill, A.8., Martin, R.B, and %illieme, R.J.”. Copper
in biologlcal systems., In B, Pullmen (Zd,) Electronic
Aspects of Bilochemistry, Acedemic Press, New York

19 » PP 519'5570

Calvin, M, and Barkelew, C.H. Oxygen-cerrying synthetle
chelete compounds, II. The rates of oxygenaticn of the
solld compounds., J. Am. Chem. Soe. 6832257-2262, 1946,

Ceecll, H. and McPhee, J,1. The sulfur chemistry of
proteins, In C.B, Anfinsen, Jr., ¥.L. Anson, K, Bailey
sné J,7, Bdsell (hds,) Adv, in Prot, Chem, 14:1255-389,
1959,

Chenes, B, and Herbert, P, Inzyme-substrate compounds

of baecterial catelase end peroxldasse. Biochem, J., b:

hoz-hil, 1950,

Christodouleas, N, end MeGlynn, S.,F. Inergy transfer
in charge-trensfer complexes, III. Intersystem crcssing.
Jo Chem, Phys. L03:166«174, 196l.

Cleland, W.,%, Dithiothreitel, & new protective reagent
for SH groups. Blochemistry 3:480-482, 196l.

Goleman, C,.H, and Longmair, 1.3, A new method for
registration of oxyhemoglobin d1§aaaiatian curves,
J. &ppl. Physiol, 18:L20-423, 1963.

Commoner, B,, Townsend, B,J. and Pake, G.5E, Free
radiéals in biological materisls. Nature 17):689-691,
195k,

Conant, J.B., Chow, B.PF. and Schoenback, L.B. The
oxidetion of hemooyanin., J. Biol, Chem. 101:h63-473,
1933.

Corwin, A.H.,, Whitten, D.G., Baker, 5,%. end Kleinspehn,
GeGe Steric effects on the nesr-ultraviolet ebsorption
(Soret band) of porphyrins., J. Am, Chem, Soec, B85
3621-362L, 1963,



25,

26,

27.

28,

29.

30.

31,

32.

33.

3’{4
35.

36.

37.

125
Cowgill, R,#, Fluorevscence and the structure of
proteins., III, Effects of denaturation on flucreacence
of insulin and ribonuclease., Arch. Biochem, Blophys.
10l.:82-9L, 196L,

Craig, D.P., Hollas, J.M, snd King, G.N. Upper limit
to the intensity of the 3400 R singlet-triplet absorp-
tion in benszens., J. Chem., Phys. 293974, 1958,

Crapski, G. and Dorfman, L.KM, PFulse radioclysias

studles: transient spectrs and rate constants 1
exygenated agquecus sclutions. J. Phys. Chem. 68
11659=1177, 196l.

Dawson, C.R. and Mellette, M.F. The copper proteins,
Tn K,L, Anson and J.T. Edsall (Hds,) Adv. in Prot,
Chem. Vol. 2’ 191%5, PP 196'208:

Dhere, Ch, and Schnelder, i, Recherches sur 1
hemocyanine, (Sixleme memoire) J. physiol. et path.

Doran, M.h., Chaberck, S, snd Mortell, A.Z. Copper
{II) chelates of histidylhistidine and related
aompounds. <. Ame. Chem, BOC 86 32129'21359 }.‘;}é}io

Drake, J,F. snd Williams, R.J.P. Uptake of moleculsr
oxygen by ferrous complexes. Hature 182:108l, 1958.

iriksson-quensel, I, snd Svedberg, T. The molecular
welghts and pH stability reglons of the hemocyanins.
Biol, Bull. 71:h98-547, 1932.

Estabroolr, R.%,, Cooper, D.Y. and Hosenthal, 0, The
stoichiometry of Cpj hydroxylation of sterolds by
adrenocortical microsomes, J. Bilol. Chem, 238:
1320-1323, 1963,

Fellsb, S, and Graf, L. Zum reakbtionsmechanismus von
oxydesen, Laperientis 20:)6=L7, 196l.

Felsenfeld, G. The binding of copper by hemosysnin.
J. Cellular Comp., Physiol. 43:23-38, 1954.

Felsenfeld, G. and Printz, ¥.P, Specific resctions of
hydrogen peroxide with the actlye slte of hemocyanin,
The formsetion of “methemocyanin". J, Am, Chem. Soc.

Fischer, E,H,, Hsiu, J, and Stein, E.w, Alpha-amylases
gs celeium-metallo ensymes, IT., Csleium and the
catalytic sctivity. Biochemistry 3:61-66, 196l



126

38. Foss, J.G. Optical rotatory dispersion of hemocyanin,
Biochim, Biophys. Acta 79:li1=-L&, 196l.

39, Fosgs, R,P,, Cowan, D.0. and Hammond, G.S, Mechanisms
of photoreactions in soclution. XXI. Quenching of
excited singlet states of benzophenone, J. Phys.
Chem. (8:3757-3752, 196k, |

Lo, Prieden, E, Complex copper in neature, In M, Kasha
and B, Pullmen (Eds.) Horizons in Biochemistry.
feademic ‘Press, New York 1962, pp. h61=L9%5,

41. Ghiretti, ¥, The decomposition of hydrogen peroxide
. by hemoeyanin and by its dissociation products, Arch,
Biochem. Biophys. 63:165-176 (1956).

h2, Chiretti, P, Hemerythrin and hemocyenin. In & Hayaishi
é%ﬁ;? Oxwoensgses, hcademic Press, New York 1962, pp. 517-
,.03 [

43, Gibeon, J.F, Varietion in copper egy hyperfine
linewldths with orientation of the nucleer spin.
Trans. Ferad. Soc. 60:2105-2111, 196,

&h. ithson, Q.H, and Milnes, L. Apperstus for rapid and
seq?itive spectrophotometry., Biochem. J. 91:161-171,
l‘fﬁ'&"i«u ‘

Ls, Gordy, W. and Drew, RK.C, Electron spin resonance
studies of radietion effects on polyeminoc aclds. Kad,
Res. 18:552-579, 1963.

46, Gornall, A.G., Bardawill, C.J., and David, M.M.
Determinstion of serum proteins by means of the bluret
resction. J. Biol. Chem. 177:751-766, 1949.

7. Grey, E.B, Nolecular orbital theory for transition
metal complexes. J. Chem. Zd. hil:2-12, 196k,

4B, Gray, H.B. and Henohevan, P.T. Lk} ctronic structures
of some transition-metel nitrosyl complexes., Chem,
Comm, l362-63, 196%.

49. Griffith, J.5. Elestronic structure and properties
of oxygen. In F, Dickens end E. Neil (%ds.) Oxygen
in the Animal Organism., Pergemon Press, Litd. Oxford,

50, Guillemet, R, and Jossslin, G, Sur les rapports entre
cuivre et la capacite respiratoire dans les sangzs
?g§gcyaniques. Compt., rend. Soc, Biol. 111:733=735,



51, Hammond, G.3. and Foss, Hi,D, Mechanisms of phn%%z
resctions in sclution, XX, Quenching of excited states
Benzophenone by metal cholates. J. Phys. Chem, 683
3739=3746, 196L.

£2, Haaie, F, The erystal structure of monopyridine
copper (II) acetate., Acta. Crystall, 173633-639, 196l.

53, Heidt, L.J, and Zkstrom, L, Influence of dissolved
air on opticel density measurements of water solutlons,
Jo Am, Chem., Soc. 79:1260-1201, 1957.

s, Heidt, L.J, and Johnson, A,¥, Optical study of the
hydretes of moleculsr oxygen in water. J. Am. Chem,
Soc. 7985587-5593, 1957.

55, Heidt, L.J, and Landi, V,®, Oszone and ozonide
: roduction and stabilizetion in weter, J, Chem. Phys.
ﬁ1=176-178, 196l

56, Hill, A.V. The possible effects of the aggregation
of the moiecules ¢f hemcglcbin in ite dissoecistion
curves, J, Physiol. L03h=7, 1910, .

57. Hines, K,C, 8tudles in some proteolytic breakdown
products of Cancer magister hemocyeain. Thesis.
Unéversity of Jregon bedical School , Portland, Ore.
1529,

58, Ingraham, L,L. Three-dimensionel effects In
biochenistry., J. Chem. Ed. B1:066-69, 1964,

59, Ingram, DeJeEe Froe radicals as studied by'aleetron
spin resonance., Butterworths, Londony Academie Press,
- New York 1958,

60, Jen, T.K., Foner, 2.N.,, Cochran, .Y, =nd Bowars, V.A,
ikleetron spin resonsnce of atomic and nmoleculs r free
radicals trapped at liguid helium temperatures. FPhys.
hev. }.lg :}.16{;‘1182’ ?5\%0

61, Jen, C.X. Eleetron spin resonsnce studies of trappad
redicels. In AJM, Bass and II,D, Droids (bde.) Formation
and Trapping of Free Hadlcals, Academic Press, New York
19’601 j2) ¢ 23—!@-":56.

62, Jones, MM, end Coaner, W.A. Coordination, ligand
regetivlty and eatalysis, Ind, bng, Chem, 55:14=208,
18G5,

63, Kertesz, D. S3tate of copper ia polyrhencloxidase
{tyrosinase)., XNature 180:506=3507, 1957.



70.

The

72

76.

128

Xim, ¥,K, and Martell, 4.2, Cepper (II) complexes
of glyeylglyeine. Biochemistry 3:1169-117L, 196k,

Kivelson, D, and Neiman, R, Electron spin resonance
gtudles on the bonding in copper complexes, J. Chem.

Phys. 35:149«155, 1961.

Eivelson, U, and Neimsn, #. E.Z.R, line shepes in
glasses of copper oomplexes, ., Chem, Phys. 352
156-161, 1961, '

Kleinberg, J., Argersinger, W,J., Jr,.and Griswold, L.
Inorganic Chemistry, D.C. Heath smd Co., Boston 19%0,
a) Pe 17& b) P 190,

Elotz, I.&, Frotein interactions., Iin . Neureth and
K. Bsiley (¥ds.) The Proteins, Vol. I, part B. Academic
Press, New York 1953, pp. 727=-8506,

Klotz, I.M, snd Xlotz, T.8, Oxygen carryiay proteins:
5 comperison of the oxygenastlon resctlon in hemogyanin
and hemerythriu with thet in hemoglobin. Science 1212

h77-h80, 1955.

Klotz, I.M, and Klotz, T.A. The chemical nature of
bound oxygen in hemerythrin and ia bemocysnim. Blol.
Bull., 111:306, 1956,

Ereuger, f.C. The naturse of copper in tyrosinsse.
Federation Proec. 18:207, 195G.

Kubowitz, ¥. Spalsung und resynchese der polyphencloxydase
und des Hemocysnins. Biochem, J, 299:32-57, 1938,

Latimer, W,M, The oxidation stutes of the elements
end thelr potentials in agueous svlubtions, FPrentice-
Hall, Ine, Wew York 1952, ppe. Jhu=24e

Lontie, R, and Horsmen, J. Helix hemovyanins.
Quantitative rewovel and fixatlion of ecopper (I).

Third Intern. Coagr. Biochem,, "esumes des Commun, 19,
1955.

Lontie, BE. The
g, ! , oy
Them, Acts 3200

binding of copper in hemocyanins. Clin.
)‘~‘ﬂ{ ™

rl, 1950

Linshitz, H., and Fekkarinen, L. «uenching of triplet

states of enthrecene and porphyrins. J. Am., Chem.
Soe, 82s2h11-2416, 1960,



83.

g ;j‘,_ -

86,

7.

g8.

8(}‘

129

Linshitz, E, Decey kinetics of the l-naphthaldelyde
and benzophencne triplet stetes in benzene. Ue e
Chem, Soc. 85:526=-532, 1963,

MeCaffery, A.d. and Mason, S5.F. The éffegt ol ring
conformation on optical setbivity. Chem. Comm, 3349, 1965.

HeConnell, ¥. Catalysis of cis-trans isomerization
by paramegnetic substences. J. Chem. Phys. 20:1043=-1041,
1952

MeWhinnle, #.,4. Geetrolith growth and caleium shifte
in the fresh weter crayfish, Orconectes virilis.
Cowp. Blochem, Physiol. Til=li, 19C2,

Malmstrom, B.G. and Vanngard, T Llectron spin

resonence of copper proteins and some model complexes.
J. Mole. Biol. 2:118-123, 1960,

Mslmetrom, B.0., Yenngard, ¥,, Sroman, L, and fasa, ‘e
Cuentltetive eleciron spln resonance studies on native
end denastured ceruloplssmin and laccase, J. Kol.
Biol. 5:301=310, 1y6a.

wenwell, C, Compsrative physlology: blood pigments.
Ann. Rev., Physiol. 22:191-24L, 1960,

¥anwell, ¢, snd Beker, C.h.A, OStarch gel elecirophoresis
of sere from some marine arthropods: studles on the
reterogenelty of hemocyesnin and & ¥oeruloplosmin-iike
protein”., Comp. Biochem, Physiol. 8:193-208, 1963,

Meson, H.8, Lisecussion, Invertebrate respiratory
pigments. In. F. Dickens end K, Neil {eds.) Oxygen
in the Animsl Orgenism, Fergamon Press, Ltd. OxTord,
bnglend 1964, pp. 117-119.

Meson, HeB., Thomson, L.C.G. snd Hines, i In the
binding of copper by hemocyanin. Arch, Blochem.
Biophy&o “:32;&3"";’/5’ 195‘;}.

Mesor, HeS, and Nekamurs, T. 4o electron spin resonance
study of copper velence in oxyhemocyanin, &©lochem.
Giophys. fes, Comm. 32297299, 1960,

yeites, L. snd Meitee, T, Hemovel of uxygen from
gas stresms, Anal. Chem. 20 :08u=-485, 1940,

kiteuda, H. Murakami, ¥. and Eawai, F, Polsrographle
determination of respirstory activity with the clark
oxygen electrode, Agr. Blol. Chem, 26:2h17-423, 1962,



130

90, loore, W,li,, Hemmond, 6.5, and Yoss, R,P, Mechanism
of photoreactions in solubtion, I. Feduction of
benzophenone by bensbydrel. J. Am. Chem, Soc, 83:
2787-279L, 1%61.

9l. Normen, I, and Porter, G, Trepped atoms uand vadicale
in rigid solvents, Proc. Hoye Soc. {London) A2303
399=itll, 1955. ,

92, Owen, 4.J,T. ené Stendley, K.J. =lectren gpin
resonance in enhydrous copper nitrate. J. Chem, Phys.
4,01133=-186, 190y,

93, Pake, U.H,, Townsend, J. and Wwelasman, 5.I. liyperfine
structure in the parsmegnetic resonance of the ion
(563)g o™, Fhys. Rev, 55:082-683, 1952,

9, Porter, G. and Wright, M,HeI. Intramocleculer and
Inbermoleculer energy sonversion involving chenge of
multiplicity, Dise. Fared., doc. 27:18-27, 1959.

95, Printz, M.P. &n investigation of Limulus hemocyanin
end the formation of its active monomst. rederation
Proc. 223291, 1963.

96, Ptek, ¥, and bouzon, P. #xamination of opticelly
excited smine scids by electron spln resonance ab
very low tempersture, Hature 199311092, 1963.

97, Fullmen, B, and Fullmen, 4. Lleetron~doncr and
-gccepbor preperties of biclogically importent purines,
pyrimidines, pieridines, flevins end eromatlc amino
scids. Proc. Netl. Aced. Sei, U.B. Lh21157-1202, 1958,

98, Rswlinson, W.A, Crystalline hemocyanin: Some
' physicel an "

chemical constants. hustral, Jd. B8XP.
Biol. ¥ed. 13 :131"124-0, lgl&?q

6, FRewlinson, G.h. Veristioa of the magnetlc susceptibility
of Lbeemin in verious solvents., Austral. J. cxp..Biol.
Med. }.8 318 E"" 192 ? 19&3 -

100, Rawlinson, #.A, The effect of oxidizing agents on
hemocyenin, sustral, J. expe. Siol. Hed, 153137~141,
1941,

101, Redfield, A,C. The hemocyanins. Blol. Dleva. G2
| 175-212, 153k, |

102, i@ﬁfiald, LoCs Hemocysaniln, In Walle 1"'0‘5&’11‘30? and
B, Glass (eds.) Coppsr Metabolism, Jobns Hopkins FPress,
Eeltimore 195G, pp. 174-190,




103,

10k,

105,
106,

107.

108,
109.
110.

111.

112,
1i3.
11k,

115,

| , 131
Redfield, 4.C., Coolidge, T. and Nontgomery, He The
respiratory proteins of the blood II. The coppere
combining ratio of oxygen and copper in gome bloods

- sontaining hemocyanin, J. Biol., Chem, 76:197-205, 1928.

Redrield, A.C, and Goodikind, B, The significance of
the Bohr aggect in the rosgiratign ggd iapgyxiatéon of
the squid Loligo paelei. ©Srit. J. Exptl. Blol. O3
3}4*0"3)4— » 1 * :

Redfield, A.C, and Ingells, L,N. The oxygen dissocia-
tion curves of gome bloods containing hemocyenin, J.
Cellulay Comp, Physiol. 33169-202, 1933. '

Redmond, J.R, The Bohr effect: absence in a molluscan
hemocyanin, Sclence 139:1294~1295, 1963.

Riggs, A.F. and Larimer, J.L. Properties of hemocyanins.
I, The effeet of caleium ifons on the oxygen equilibrium
of crayfish hemocyanin, Comp. Biochem. Physiol. 13
35-46, 196i.

Hobin, #. The color and electronic configurations of
prussisn blue. J. Inorg. Chem. 1:337-342, 1962.

Root, R.W, The combination of carbon monoxide with
hemoeyanin, J. Biol. Chem. 104:239-2hiL, 193k,

Sands, R,H, Paramagnetic resonance absorption in
&13& s. FPhys. Rev, 99 H 1222"1826 s 1955.

3&&1@;&!‘, bvﬂa. Kx‘@jc‘i, L.E, and Eragmerg b,0, T« The

effect of ultraviolet rediation and of soft x-rays on

the sedimentation behavior and light absorption of

gggified humen serum albumin, Biochem, J. 3381-15,
Ge

Shack, J. The effect of oxygenation and reduction on
the equilibrium of hemocyanin with acids and bases.
Je Biecl * Chem. 109 2383“393 » 193§n

Sheshons, V.k, Formamidine sulfinic acid as a
bigﬁhemioal reducing agent. Elochemistry 3:1719-1720,
1964,

Shifrin, 8, end Kaplsn, ¥,0. Coenzyme binding. In
F,F, Nord (id,) Interscience Pub., Inc., New York,
Vol. 22, 1960, pp. 337-415.

Shifrin, %, Cherge transfer and excitation~energy
transfer in a model for @nzyme-cnenzgme interactions,
Biochim Blophbys, Acte 813205-213, 196k.




116,

117.

118,
119.

120.

iz21.

122,

123,

12h.

125,

126,

127.

128,

132

S8hige, T, and Piette, L.H, Triplet state studlies of
proteins by electron peramagnetiec resonance. Fhoto-
chem. Photobiol. 32:223-230, 1964.

Sehulmen, M.P., and Wald, G, The valence of copper
in hemocyanin, Biol, Bull, 10:239-240, 1951,

Simo, C.¥. Unpublished results.

8ﬁlith, F.JQQ\ SMith, J.K. and Eﬁaﬁ’lm’ S.PQ Low
temperature double path absorption cell. Hev. Sei,
Instrum. 33:1367-1371, 1962.

Svedberg, T. and Heyroth, F.F. The moleecular weight
of the hemoeyanin of Limulus polyphenus, J. Am, Chem,
Soc. 51:539-550, 1929, ,

Svedberg, T, and Heyroth, F,F, The influence of the
hydrogen ilon asctivity upon the stability of the
hemocyanin Helix pomatie, J. Am, Chem., Soec, 51¢
556’5 1, lgEJ‘

Svedberg, T. and Brohult, 3, Splitting of the
hemoeyanin moledule by ultraviolet light., Nature
142:830-831, 1938,

Svedberg, T. and Brobult, S, Splitting of protein
molecules by ultraviolet light and Y-rays. Nature
143:938-939, 1935.

Svedbsrg, T. and Pedersen, K.Us The Ultracentrifuge,
Oxford University Press 1940 a) pp. 363-372 b) p. 513.

Sgent=Gyorgyl, A. and Isenberg, I. Un the sbsorption
of heteroccyelic electron donors and accepiors. roc.
Natl, Acad, Sei. 45:519=-521, 1959.

Treadwell, F.P, and Hall, W.,T, Anelytical Chemistry,
Vol. II. GQuantitative Anslysis. John Wiley & Sons, Inc.,
New York 1935.

ven Bruggen, L.F.J., Wisbenga, E.H. snd Gruber, X.
Structure and properties of hemocyanins. I. Electron
microgrephs of hemocyanin and epo-~hemocyanin from

Helix pomstia at different pH velues, J, lol. Biol.

2"’ o

van Bruggen, E.F.J., Wiebenga, E.H, and Gruber, i,
Structure snd properties of hemceyanins, II, Electron
mierographs of the hemocyanins of Sepla officinalis,

Octopus vulgeris and Cencer pagurus., Je #OLe Blole Lt
ot 60 '



129.

130.

131.

132,
133,

134,

135.

136,

137,

138,

13G.

1ho.

k1.

133

van -BI'QEEQn’ E.Pé;{a’ Sahuitaﬂg Vea Wiﬂh@ngﬁ, E,H,

end Gruber, ¥. Structure and properties of hemocyanins,
111, Eleetron micrographs of hemocyanins from different
Gestropode and Crustaces. J. Hol. Biol., 73249-253, 1963,

Ven Holde, K.E. and Cohen, L.,B, Physicel studles of
hemocyenins, I, Characterigation and subunit structure
of Lolizo peaslei hemocyanin, Biochemistry 3:1803-1808,

1960,

Van Holde, K,¥, and Cohen, L.,B, Physical studles of
hemocyenins, II. A comparison of the hemocyanin and
agohemacganin of Lolizo pealei. Biochemistry 3:1809-
1 130 19 li-o

Venneste, W, Unpublished results,

Vﬂgb; L.E', Jr.’ Fﬂigﬂnb&um’ B.,H, and %fiibarlﬁy, S.ii:.
Synthetic reversible oxygen-carrying chelates. Chaem,
Revas., 63:269-277, 1963,

Wang, J.H. Hemoglobin snd myoglobin. In 0. Hayeishi
(Ed.j Oxygenases, Academic Press, New York 1962, pp.
h-é’?" 516 .

Weissman, S.I, Isotropic hyperfine interactions in
sromatic free radicels, J. Chem. Phys. 25:890-891, 1950,

Wiersema, A,K, and Windle, J.J. ZElectron paramagnetic
resonance of some nitrogen~bonded copper chelates. J,
Phyﬂ. Chem, & :2316"232&, 196,4..

%ilillems, R,J.F. The ebsorption spectra and stability
of complex ions. J. Chem. Soc. pp. 8-13, 1956,

Willisms, R.J.P. The selective interaction of metal
ions and protein groups. In P.A.E, Desnuelle (Ed.)
Proc, Pifth Intern, Congr. Biochem. 1961. Pergemon
Press, New York 1963, Vol., IV, pp. 133-150,

Woode, K.R., Paulsen, &,C,, Zngle, H,L, and Pert, J.H,
Starch gel electrophoresis of some invertebrate sera.
Seience 127:519=-520, 1958, :

Yatsimirskii, E,B, and Chao-Te, L. The absorption
spectra of trivalent copper somplexes in solution,
Russien J. of Inorg. Chem, 6:576~579, 1961,

Zuekerkendl, E, La teneur en culvre de 1 hemolymphe
de Mals squinedo amux divers stades d intermue. Campt.
rend, SQQ ® Dle 151 3!4.60“'14.63’ : 195’? »



13l
APPENDIX I

Calculation of energy in electron volts (V) essociated

with a partieular wavelength:
B h
- oy 22
¥ A

where
e= 1.6 x 10°2° emu absolute
b = 6.5 x 1027 org see

3 x 1029 em/see

N= 2.5z 10° R

V = electron volts

]

J

(1 electron volt= 8,068 em™d - 23.063 Keal)

v.be 6.5 x 1027 x_;&lg}

wesvions

e)n 1,6 x 10=20 (2,5 x 10°) 4e9 electron volts

449 electron volts x 23,063 Keal/V = 112,55 Keal/mole
photons st 250 mu,
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APPENDIX II

Caleulation of einsteins from a millivolt reading at e
specific wavelength:

1, Thermopile registers 0.6 mV upon illuminetion at
250 mu with slit ratio, entrance/exit: 6/6.

2. Conditions of illumination during an experiment are
gimulated in dlstance of beam from thermopile and
‘flux, Illumination of a3 low temperesture ESR tube,

height 2 om, width 0.3 om = 0.6 em® flux,.

3. 0,6 mv - 10,1 mW,.; 10.1 mi 2
—— = ¢ —r *d =2 x 0,6 en"= 6,06 m
0,0592 mV on am on ’
ma

6,06 mW = 6,06 x 10™%
6,06 x 103 x 2k x 10°% Keal - 14.59 x 1077 Keal
x 2 x “Wg"”’lh 59 x Y

then
3&:55_5_3977 Keal eetual 4 597 108 moles of
112055 Kcal/mola phﬂtﬂna photﬂnﬂ or Einateins

e A 0.36 mv reading wes obtained at 250 mu with slit
ratio 3.6/2.0. This is equivalent to 7.78 x 107 Einsteins.
See the entry at 250 mu in Figure 6,
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APPENDIX IIIX

w Ol‘bit: kH #0

[+]

@2 spin = kH ﬁ[
¥
(&)

where
Y = angular velocity of
~ precession

H - strength of external
field (gauss)

= magnetic moment
(ergs/geuss)

P angular momenbum
(erg sec)

k = integreal number of
proportionality between
anguleyr momenta

the units of W are sec™t

since P = k h erg see andﬂg eh erygs
by [ me gauss

GI'ES{_' geuss

therefore ()= gauss erg 86t

where h =Plank's constant} e ~charge of electron;
m <mass of electron

W 2

A )
o ¢ »
TS e la
Mg




APPENDIX IV - L300

The geometry and energy levels of de-orbitals.,

8. eg and tp, electronic densities (7).

b. Splitting of the metal d-orbitals in an octahedral
crystal field (Lt7).

Ay - vt ) -
e 2 4 Eg
og ’r dg
ABxy A Exz
Ya
dxy
t2g ¢ dxz
&yz
| 6 3
Cu(II) ground state: (tzg) (e_)

oxcited states: (tzg)S(e
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APPENDIX V

Energy levels for Cu(II) complexes in a

square planar fi

eld (65).

Cu(II) complexes with & bonding.
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// P o) \\
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—4'“V T 5 T 0000 (
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Copper Planar Square Field gands
b. Cu(II) complexes with il bonding.
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