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A B S T R A C T Acidic solvenits extract the same por-
phyrin-protoporphyrin-from the erythrocytes of pa-
tients with either erythropoietic protoporphvria or lead
intoxication. However, extractable protoporplhyrin disap-
pears rapidly, both in vivo alnd in vitro, frolmi ervthro-
cytes in erythropoietic protoporphyria but slowly, if at
all, in lead intoxicationi. Consistent w-ith these observa-
tions, fluorescence spectroscopy revealed that the intra-
cellular state of the erythrocyte protoporphyrin is differ-
ent in the two diseases. Spectrofluorometric measure-
ments coupled with fractionations and biochemical syn-
theses showed that in erythropoietic protoporphyria the
protoporphyrin is bound as the free base to lhellmoglobin
molecules at sites other than the heme bilnding sites.
In lead intoxication the fluorescent porphyrin is also
bound to hemoglobin but is present as zinlc protopor-
phyrin. The data suggest that the zilnc protoporphyrin
is bound at heme binding sites. Acidic extraction sol-
vents remove the chelated zinc, but zinlc protoporphiyrinl
may be extracted intact from erythrocytes w-ith acetone,
ethaniol, or the detergent Ammnonyx-LO.
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INTRODUCTION

Cutanieous photosensitivity due to light absorption by
protoporphyrin (PP)' is the primary clinical manifes-
tatioin of erythropoietic protoporphvria (EPP) (1) but
Inot of lead intoxication (PbI) or iron (leficiency anemia
(FeDA), even in severe cases, thouglh acid-extractable
erythrocyte 1'P levels may be as hiigh in PbI (2) alnd
FeDA (3) as those reaclhed in EPP. The greatly- in-
creased levels of P'P founld in the plasmiia alnd feces of
patienits witl EPP are Inot found for individuals with
P'bI or FeDA (4, 5). Tlhus, it has been suggested that
PP in the erythrocytes does nlot provide the basis for the
cutaneous symptoms in EPP aind that there must be an
important extraerythropoietic source in this disease
wN-hich also accotunts for the plasma and feces levels
(6).
\We have slhown (4) that PP diffuises very rapidly

fromii the erythrocvtes of EPP patients in v-ivo but not
from the erytlhrocytes of patients -with PbI or FeDA.
These findinigs may obviate a prevalent extraerythro-
poietic source of PP in E1'P in that the photosensitivity
may reflect increased turnover of erythlropoietic PP
with diffusioln frolm the erithroc\tes tlhrounob the pla sina
into the skini. The lack of photosenlsiti-ity- in Phi and(

'Abbreviations utsed int this paper: EPP, erythropoietic
protoporphyria; FeDA, iron deficiency anemia; FEP, free
erythrocyte porphyrin; Hb, hemoglobin; PbI, lead intoxi-
cation; PP, protoporphyrin; ZniPP, zinc PP.
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FeDA reflects the absence of PP turnover and of dif-
fusion from the erythrocytes.
The concept that PP leaks from erythrocvtes of EPP

patients but not from erytlrocvtes of PbI patieInts stug-
gests that the intracellular state of PP is different in
these two cases. We report here spectroscopic and bio-
chemical evidence that this is indeed the case. Our find-
ings further allow us to propose the following descrip-
tions of the states of the PP in these cells: Almost all
of the PP is bound as the free base form to hemoglobin
(Hb) molecules at sites other than the sites of heme
binding in EPP erythrocytes. In PbI and FeDA, PP is
present as zinc PP (ZnPP) (7). The ZnPP takes the
place of heme groups in Hb molecules and as such is
strongly bound.

METHODS
Blood samples were collected by venipuncture (heparin-

ized tubes) from nine patients with EPP from four dif-
ferent families, from four patients with severe PbI (blood
Pb level > 90 ,Ag/dl; free erythrocyte porphyrin [FEP]
> 80 ug/g Hb), six patients with moderate PbL, four pa-
tients with severe FeDA (FEP > 10 ,>g/g Hb) as well as
from several normal healthy persons (FEP < 2.5 Aig/g Hb).
Erythrocytes were washed in 0.15 M NaCl buffered to pH
7.4 with 0.015 M potassium phosphate ("phosphate-buffered
saline," PBS).

Extraction of porphyrins. Porphyrins were extracted
from whole blood, washed erythrocytes, plasma, or washed
erythrocyte ghosts by a method previously described (8).

Separation; of erythrocytes according to age was accom-
plished by ultracentrifugation on a discontinuous density
gradient of Stractan II (St. Regis Paper Co., Tacoma,
Wash.) according to a method previously described (9).
Hb soluitions were prepared free of stroma by lysing 400

4ul washed, packed erythrocytes in 2 ml of 0.01 M N-tris
(hydroxymethyl) methyl-2-aminoethanesulfonic acid buffer,
pH 7.4, containing 0.001 M EDTA and 0.001 M mercapto-
ethanol. The stroma was separated by centrifugation for
30 min at 50,000 g. The supernatant "stroma-free hemo-
globin" was removed and used for electrophoretic studies.
For all other purposes Hb solutions were prepared by lysing
well-washed trythrocytes in 20 vol of distilled water. The
stroma was removed by centrifugation. The supernatant
Hb solution was concentrated by vacuum dialysis.
Erythrocyte stroma free of HIb was prepared by washing

the pellet of stroma obtained as described above three times
in 100 vol of buffer and recentrifuging. The final white
pellet contained less than 0.01% of the original erythrocyte
Hb.

Preparative Hb electrophoresis was performed on starch
granules block, according to Gerald and Diamond (10) by
utilizing stroma-free solutions of Hb converted to cyano-
methemoglobin.

Gel filtration chromatography of Hb and separated a-
and ,-chains was performed with a column (2 x 40 cm)
of Sephadex G-100 (Pharmacia Fine Chemicals, Inc., Pis-
cataway, N. J.) equilibrated with 0.01 M phosphate buffer,
pH 7. Elution was accomplished with the same buffer. Each
fraction was assayed for protein by absorption at 280 nm
and for Hb by absorption at 540 nm. The fluorescence spec-
trum of fractions was measured, as well as the concentra-
tion of acid-extractable PP.

Fluiorescentce spectra and fluorescence excitation spectra
were obtained by usin1g a Hitachi Perkin-Elmer MPF2
spectrofluorometer (Perkin-Elmer Corp., Mountain Viewv,
Calif.) equipped with a Hamamatsu 446 UR photomulti-
plier tube (Hamamatsu Corp., AMiddlesex, N. J.). Wave-
length calibration was carried out with the use of a small
medium pressure mercury lamp which could be placed in
the sample position or at the exciting light entrance slit.
The spectra were not corrected for the spectral response
of the instrument or the spectral distribution of the xenon
source. Maxima of the sharp porphyrin fluorescence bands
could be defined within +1 nm.

RESULTS

Fluorescenice of w1hole blood antd washed erythrocytes.
Fluorescence spectra and fluorescence excitation spectra
were recorded for samples of blood from patients with
EPP, PbI, FeDA, and from normal controls. The whole
blood was diluted 500-1,500-fold in PBS and placed in
a 1 X 1-cm fluorescence cuvette. Spectra were also re-
corded from washed erythrocytes prepared from the
same blood samples; the washed, packed erythrocytes
were suspended in 1,000-3,000 vol of the buffer. Repre-
sentative spectra of the diluted whole blood samples
are shown in Figs. 1 and 2. The spectra obtained from
the washed erythrocytes were identical to the spectra
obtained from the whole blood samples from which they
were prepared. The relative intensities of the fluores-
cent emissions from PbI and FeDA blood samples re-
flected the acid-extractable porphyrin concentrations in
the samples.
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FIGURE 1 The fluorescence spectra of erythrocytes from a
normal donor and from patients with EPP and PbI sus-
pended 1: 800 in PBS excited at 397 nm and 425 nm, re-
spectively. The spectra are not corrected for the wave-
length response of the detector, which was a red-sensitive
photomultiplier tube (Hamamatsu 446 UR). Purified Hb
fractions from these specimens gave similar spectra.
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FIGuRuE 2 Excitation spectra for the fluorescence of eryth-
rocytes from patients with EPP (for fluorescence at 625
nm) and from patients with PbI (for fluorescence at 594
nm). The abrupt rise in the spectra at long wavelengths is
due to scattered exciting light. The feature near 490 nm in
the PbI spectrum (shown by the dot-dash curve) is unex-

plained but probably spurious. It was observed in about
half of the specimens examined and its shape and maximum
were variable. The absorption spectrum of ZnPP has no

such band.

The fluorescence spectrum of blood or erythrocytes
from PbI patients is typical of a porphyrin, with the
major band at 594 nm. The fluorescence excitation spec-

trum shows a Soret band at 424 nm and a visible band
at 550 nm. The spectra obtained from samples of the
blood or erythrocytes of FeDA patients Nere identical
to those from Pbl patients. Blood or erythrocytes ob-
tained from normal controls eitlher showed no observ-
able porphyrin fluorescence or gave a very weak emis-
sion with a maximum near 595 nm. Diluted blood or

erythrocyte suspensions obtained from EPP patients
exhibited a fluorescence spectrum with the major band
at 625 nm. A weak shoulder near 594 nm was usually
also observed. The 625-nm emission was found to be
associated with an excitation spectrum with a Soret
maximum at 397 nm and visible bands at 508, 545, and
574 nm. The weak emission band near 594 nm was

found to have an excitation spectrum peak at 425 nm.

The spectral data are listed in Table I.
Spectra of erythrocytes of different mnean age. Eryth-

rocytes obtained from persons with PbI, FeDA, or

EPP were separated by gradient centrifugation into
six fractions of different mean age. The fluorescence
spectra of the fractions of PbI or FeDA erythrocytes
were identical and the intensity (normalized to Hb
concentration in the sample) remained constant within
experimental error from the youngest to the oldest
fraction. In contrast, the intensity of the fluorescence
at 625 nm from EPP erythrocytes declined by a fac-
tor of 40 going from the youngest to the oldest frac-
tion, in excellent agreement with extractable PP levels.
While the 625-nm band exhibited this marked decrease
in intensity, the 594-nm band remained virtually con-

TABLE I

Maxima of Fluorescence and Fluorescence Excitation Spectra

Medium Emission Excitation

nm
EPP erythrocytes or Hb

PBS 625 (683) 397
0.2% Ammonyx-LO 634 (695) 405
Ethanol extract 632 (693) 403
Acetone extract 631 (692) 400

EPP plasma 634 (694) 405
PbI erythrocytes or Hb

PBS 594 (645) 424
0.2% Ammonyx-LO 593 (645) 422
Ethanol extract 589 (636) 415
Acetone extract 588 (637) 418

FeDA erythrocytes or Hb
PBS 594 (645) 424
0.2% Ammonvx-LO 593 (645) 422

PP
0.2 Ammonvx-LO 634 (695) 405
Ethanol 632 (693) 403
Acetone 632 (693) 401
PBS + Hb A 625 (684) 397
PBS + globin 625 (684) 403
PBS + plasma 634 (694) 405

ZnPP
0.2% Ammnonyx-LO 593 (644) 422
Ethanol 589 (636) 415
Acetone 588 (636) 417
PBS + plasma 590 (640) 416
PBS + Hb A 593 (644) 427
PBS + globin 594 (645) 423

List of maxima in the fluorescence spectra and fluorescence
excitation spectra of erythrocytes, purified Hb, and plasma
of patients with EPP, PbI, or FeDA dissolved or suspended
in PBS, dissolved in 0.2% Ammonyx-LO, or extracted with
ethanol or acetone; of PP and ZnPP in PBS, Ammonyx-
LO, ethanol, acetone, and in plasma; and of the complexes
of PP and ZnPP with Hb and with globin.
Two bands are observed in the fluorescence spectra with

the detector employed (Hamamatsu 446 UR photomultiplier
tube); the main band maxima are given first and the
maxima of the minor bands are given in parentheses. The
fluorescence maxima were not corrected for the spectral
response of the detector and the excitation maxima were
not corrected for the spectra distribution of the light source.
Only the Soret band maxima are given for the excitation
spectra.

stant from the youngest to the oldest fraction (as it did
in cells from PbI or FeDA blood) (Fig. 3).

Thus, the difference in spectral characteristics of the
two kinds of fluorescent erythrocyte porphyrins is ac-
companied by a remarkable difference in their life-
time within the erythrocyte. The porphyrin associated
with the 594-nm fluorescence, which is greatly elevated
in PbI and FeDA, does not appear to decrease during
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FIGuRE 3 Fluorescence spectra of erythrocytes of different
mean age obtained from a patient with EPP. The erythro-
cytes were separated into six fractions of increasing mean
age; spectra of three fractions are shown. Samples con-
taining equal amounts of Hb were prepared in 0.2% Am-
monyx-LO which shifts the 625-nm EPP-type porphyrin
band to 634 nm for better separation from the band at 594
nm. Subtraction of the contribution of the 634-nm band to
intensity at 594 nm reveals that the 594-nm band intensity
remained virtually constant while the "634"-nm band in-
tensity decreased markedly with erythrocyte age.

the erythrocyte lifetime. In contrast, the porphyrin as-

sociated with the 625-nm fluorescence, which is greatly
elevated in EPP, decreases rapidly as the erythrocyte
ages.

Localization of the fluorescent porphyrins. The acid-
extractable fluorescent porphyrin in the bloods of pa-
tients with PbI, FeDA, or EPP or of normal controls
is associated almost entirely with the erythrocytes.
Little or no detectable fluorescence or extractable PP
is found in the plasmas of normal persons or of pa-
tients with PbI or FeDA. Typically 2-4% of the total
extractable PP of EPP blood is found in the plasma.
This plasma-bound porphyrin exhibits a fluorescence
spectrum with the maximum of the principal band at
634 nm (11). A plasma showing this fluorescence is
probably pathognomonic for EPP (11).
Acid extraction of Hb-free stroma prepared from

EPP erythrocytes indicated that only 0.25-1.0% of the
extractable erythrocyte PP is typically contained therein.
Similarly, very little (<0.5%) of the extractable PP of
PbI erythrocytes is found in the stroma. In all three

cases, PbI, FeDA, and EPP, the majority (.98%) of
the acid-extractable erythrocyte PP was found to be
associated with the stroma-free lysate of the cells which
is primarily a solution of Hb.

Gel filtration chromatography of erythrocyte lysate.
Stroma-free lysate of EPP erythrocytes was concen-
trated until the Hb concentration was about 300 mg/ml
and loaded onto a column of Sephadex G-100 equili-
brated with 0.01 M phosphate buffer, pH 7.0. The col-
umn was eluted with the same buffer and the fractions
assayed spectrophotometrically at 280 nm (total pro-
tein) and at 540 nm (Hb). Fractions were also assayed
fluorometrically for porphyrins both by direct measure-
ment of the fractions and by the acid-extraction method
(FEP). The elution pattern of fluorescent porphyrin
and acid-extractable porphyrin were identical and were

exactly superimposable upon the elution pattern of Hb
(Fig. 4). The spectrum of each fluorescent fraction was

identical.
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FIGURE 4 Chromatograms of the lysates from erythrocytes
obtained from patients with PbI and EPP obtained by using

a column packed with Sephadex G-100 eluted with 0.01 M
phosphate buffer, pH 7. The relative Hb concentrations
(0) and extractable PP concentrations (*) in the frac-
tions are shown.
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\Vhen this procedure wvas carried out for lysates of
1'1) erythrocytes, exactly the same resuilts were b1)-
tained; the elution pattern of the PhI-type fluorescetit
porphyriii was superimposable t1)poi tlhat of Hb (Fig.
4). In both cases the total recovery of acid-extractable
PP1 in the Hb fractions was >90% of that loaded onto
the coluiiimnl.

Electrophorcsis of erythrocyte lysates. The Hb of
stroma-free lysate of EPP erythrocytes was converted
to cyanomethemoglobin and then subjected to prepara-
tive electrophoresis on starch block. Extractable PP was
found associated with the bands of Hb A1 and A2. The
same observation was made for lysates of Pbl and
FeDA erythrocytes. When the band of Hb A1 was
divided into three equal zones (fast, intermediate, and
slow fractions) the ratio of extractable PP to Hb was
nearly constant for all three zones in the case of EPP.
In contrast, for PbI and FeDA more than 50% of the
extractable PP was found in the fast fraction, and less
thlani 10%, wxas founlcd in the slowv fractioni. An increased
amiiounit of electrophoretically fast-miiovinig Hb (Hb A-)
in patients with PbI has been observed by Charache and
Weatherall (12).

Effect of deoxygenationt Oft the fluorcscenice of the
EPP Hb. Two fluorescence cuvettes were filled with
a dilute solution (- 2 X 10' M) of a pturified (Seplha-
dex G-100) preparation of Hb obtained froml EP1' blood.
Olne samlple Nas deoxygelnated by slow blul)l)ling of oxy-
gen-free nitrogeni util the absorption spectrum showed
coiilplete conversion to deoxyhemioglobin; 1io mletlhemiio-
globini was apparent. The fluorescenice spectrum of the
deoxyhemoglobini samiiple was founld to be identical to
that from the oxyhemoglobin salmIple. However, tlle in-
tensity of the fluorescence from the deoxygeinated samii-
ple was 0.71 that from the oxygenated sample. \VXhen
air was admitted into the deoxygenated sample. oxv-
genation of the Hb occurred rapidl) and the fluorescenice
intensity increased appropriately.
The overlap of the fluorescence spectrum of the EPP-

type porphyrin with the absorption spectrumii of Hb in-
creases substantially on goinlg froIml oxy- to deoxyllemiio-
globin. It was calculated that because of this the rate
of electronic energy transfer from excited porphyrin to
hemes within the same molecule is expected to in-
crease upon deoxygenation of the hemes, leadinig to a
substantial decrease in the efficiency of porplhrin
fluorescence (13, 14).2 That such an effect is observed
indicates that the fluorescent porplhyrin is bound to Hb.
A sinmilar calculation based on the fluorescence of

the PbI-type predicted an unobservably small effect of

2 Details of the energy transfer calculation are not given
lhere. The calculation made use of the Forster energy trans-
fer model. A simple treatment of this model was provided
by Lamola (15).

deoxvgeniation of any nearby lhemile groups. Th'lle experi-
inenit xas iot lperformllel for P'M J11).

Fr.-trocfiom. ff P(orplYri,,V 7zc'ith /)r (111iC SoizCijiS o
(ICI')'gC ISlls. SLIs)pensiOis of erythrocytes (packed cells
suspenided in an equal volumne of PBS) or concentrated
Hb solutionis prepared from the blood of EPP patients
wN-ere ni.xed with 20 vol of acetone and mlixed in a
V-ortex miiixer for 1 min alnd tlheni centriftuged. The su-
per-natant acetone solution exlibited a fluorescenice
spectrum identical to that of an acetone solution of PP
(Table I). Typically 80-90%o of the porphyrin extract-
able bV the ethyl acetate-acetic acid-HCl teclhnique was
extracted by this acetonie miiethod. In contrast, the same
acetonie treatment of erythrocytes or Hb solutionis pr-e-
pared fromii bloods of patients with PbI or FeDA tyPi-
cally extracted only 10-15% of the acid-extractable PP.
The fluiorescence spectrum of these acetone extracts
was distinctly different from that of an acetone solui-
tion of 11' (Table I). \When the acetone extract was
acidified by adcling a small amouniit of concelntr-ate(d HCl,
the spectrulm becamlle identical to that of an acetonie
solution of PP.

Similar results were observed for extraction of
erythrocytes or Hb solutions with absolute ethanol.
Extraction with ethanol removes 90% of the PP from
EPP erythrocy-tes or Hb, and the extract exhibited a
fluiorescenice spectrumin idlentical to that of anI ethanol
soltutioni of PI'' ( l)ale I ). Oiilx' 50-805;, -f tie acid-
extractable 1'1 of 114 or- FeDAN ervthrocytes or Ill) is
extralcte(l ill Olne pass witlth ethanol. The flutorescenice
spectrulml of the extract was distilnctly (lifferenit from
that of an ethanol soltutioni of Pt' (Taable I).
\When ervthrocvtes are placed in phosphate buffer

containin, (0.2c,) AmonVyx-LO (Ony\x Cllemiiical Coni-
pany, Jersey City, N. J.). a onliOllic detergenit which is
clhiefly dimethyldodecvlanmine oxide, lysis is immiediate
and the stromlia is dissolved. The fluorescenice spectrum
obtained fr-om buffered solutionis of er throcytes or Hb
from patients with Pbl or FeDA is only slightly shifted
when the detergenit was added. However, the fluorescence
at 624 iim characteristic of EPPI' blood was slhifted to 634
ii1i1 upon adlditioln of detergent.

Gel filtration chromatography (Sephadex G-100) of
EPP i-11) in 0.2%c Animnonyx-LO (0.01 AI phosphate
buffer, p1H 7.0) revealed that the detergent dissociates
the PP from the protein since the former eluted well
ahead of the Hb band. The fluorescence spectrum of
the elutecl PP or of EP'P erythrocvtes dissolved in the
detergenit \-as identical to that of a solution of PP in
the detergent (Table I). Sephadex chromatograplyi
slhowed that 0.2%l," Ammionyx-LO also efficiently dis-
sociates I1P from the Hb prepared from the bloods of
patients Nith PbI or FeDA. However, the fluorescenice
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spectrum of this purified extract is different from that
of a solution of PP in the detergent (Table I).

Separation of a- and A-chains. Samples of Hb pre-
pared from blood from patients with EPP and patients
with PbI were reacted with p-hydroxymercuribenzoate
by the method of Bucci and Fronticelli (16) to produce
the a- and a-chains as the p-mercuribenzoate derivatives.
The a-chains and p-chains were then separated by
chromatography on a 0- (carboxymethyl) cellulose column
by using 0.01 M phosphate as eluant with a pH gradient
from 6.7 to 8.0. The fluorescence spectrum and amount
of acid-extractable porphyrin were determined for each
fraction, as well as for the untreated Hb and the un-
fractionated chains.
The fluorescence spectra of the porphyrin-containing

fractions were identical to that of the Hb sample from
which they were obtained. The main difference between
EPP chains and PbI chains in this experiment was in
the recovery of acid-extractable PP. Whereas 80-90%
of the Hb-associated PP was recovered in the sepa-
rated chains in the case of PbI, only 10-30% was re-
covered in the case of EPP, reflecting a looser binding
of the pigment. It appeared that the porphyrin lost from
EPP chains remained on the column packing.
Preparation of properties of porplhyrin-Hb and por-

phyrin-globin com7tplexes. An equimolar quantity of
PP dissolved in a minimum amount of methanol was
added to a 0.1 mM solution (0.01 Ml phosphate buffer,
pH 7.0) of purified Hb A obtained from the blood of
a normal donor. The mixture was slowly mixed over-
night at 4°C and then passed through a Sephadex G-100
column. The Hb fractions were collected and pooled.
These exhibited fluorescence (624-nm maximum) and
fluorescence excitation (397-nm Soret) spectra which
were indistinguishable from those of EPP Hb.
PP globin was prepared by adding a solution of PP

in 0.01 M phosphate buffer, pH 7.0, to a solution of
apohemoglobin, prepared by method of Rossi-Fanelli
et al. (17) in the same buffer; the final PP concentra-
tion was generally on the order of 10-' M and the apo-
hemoglobin was always in excess. The mixture was
slowly mixed overnight at 4°C. The fluorescence and
fluorescence excitation spectra were found to be inde-
pendent of the porphyrin/globin ratio from 110 to i.
While the fluorescence spectrum was indistinguishable
from that of EPP Hb, i.e. 624-nm maximum, the
fluorescence excitation spectrum showed a Soret maxi-
mutmli at 403 nm. The latter corresponded to the Soret
maximium observed in the absorption spectra of these
plrel)arations. The spectral characteristics agree exactly
with those reported in the literature for similar prepa-
rations (13, 18-20).

Comiplexes of zinic PP (ZinPP) witlh IIb and witl
apohemoglobin were prepared in similar fashions (13).

The ZnPP-Hb complex, ZnPP-globin (13), and PbI-Hb
showed indistinguishable fluorescence (595-nm maxi-
mum) and fluorescence excitation (Soret maximum
near 425 nm) spectra.

DISCUSSION

In the absence of a difference in the rate of trans-
port across the erythrocyte membrane, a large differ-
ence in the rate of leak of PP from the erythrocytes of
individuals with EPP and those of individuals with
PbI or FeDA demands a difference in the state of the
acid-extractable PP within the erythrocytes. That, in
fact, this is the case is indicated from the great differ-
ence in the spectral characteristics of the fluorescence
from these cells. A porphyrin fluorescence band at 595
nm is associated with PbI or FeDA while fluorescence
at 625 nm is associated with EPP. Erythrocytes from
EPP patients and normal healthy donors sometimes
'exhibit a weak fluorescence at 595 nm. Examination
of the fluorescence from EPP red cells as they age
revealed that the 595-nm-type fluorescence intensity re-
mains virtually constant while the 625-nm-type fluores-
cence intensity decreased drastically in accordance with
the rapid decrease in extractable PP in a form which
does not disappear (leak) from the red cell and that
the 625-nm fluorescence band is associated with PP
which rapidly disappears (leaks) from the erythrocyte.
The data obtained from several experiments (gel

filtration chromatography, electrophoresis, spectral stud-
ies) clearly indicate that in both EPP and PbI nearly
all of the acid-extractable PP is bound to Hb molecules.
The simplest model which explains these observations
is that the PP is bound differently to the Hb in the
two diseases and that extraction with acidic solvents
effectively removes the porphyrin. Extraction of EPP
or PbI Hb with acetone, or ethanol, or the detergent
Ammonyx-LO also removes the fluorescent porphyrin
from the protein. However, in these nonacidic solvents
the porphyrin extracted from EPP Hb is clearly dif-
ferent from that extracted from PbI Hb, as evidenced
by spectral properties. An easy rationalization of these
observations is that one of the porphyrins chelates a
metal ion which is easily removed by the acidic extrac-
tion solvents. In a separate paper (7) two of us pre-
sented data which show that the fluorescent porphyrin
associated with PbI is ZnPP while in EPP the fluores-
cent erythrocyte PP is in its free base form (no metal
ion chelated). Extraction with acidic solvents releases
the zinc ion and so free PP is obtained.

It should be pointed out that the fact that the ab-
normally elevated porphyrin in PbI is ZnPP may not
in itself be sufficient to explain the absence of photo-
senisitivity of PbI patients since ZnPP can act as photo-
sensitizers much like free base porphyrins (21). At
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this point the question becomes, is the only difference
between the fluorescent porphyrins of EPP and PbI the
chelation of a zinc ion in the latter with the binding
site on the Hb the same in both cases, or is there also
a difference in the protein binding site?
PP globin was synthesized according to a method

well described in the literature. There is a large body
of evidence to indicate that in this complex the PP oc-
cupies the heme binding site (13, 17-20). Hb, with all
heme sites occupied by hemes, also binds PP, neces-
sarily at extraheme sites. The PP globin and PP Hb
can be distinguished on the basis of fluorescence exci-
tation spectra; the Soret maximum of the former is at
403 nm, in agreement with the literature value, while
the latter occurs at 397 nm. That for EPP Hb is at
397 nm. PP bound to a variety of proteins exhibits a
Soret maximum at 397 nm. Thus, we conclude that the
fluorescent PP of EPP is bound to Hb molecules at
site(s) other than heme sites (see Fig. 5).
We have not been able to distinguish between ZnPP

in a heme binding site and bound to an extraheme site
by means of fluorescence. However, there is evidence to
suggest that the ZnPP is bound at heme sites. First,
the ZnPP is not easily extracted by organic solvents
which very efficiently extract PP from EPP Hb. Sec-
ond, unlike the PP of EPP Hb, the ZnPP remains
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FIGURE 5 Schematic representation of the models for the
altered Hb in EPP and PbI. The four subunits of Hb are
represented by the squares with rounded corners; PP groups
are represented by heavy lines, iron atoms by solid circles,
and a zinc atom by an open circle. The fluorescent porphyrin
in EPP is in its free base form and occupies an intersub-
unit site while all the heme sites are normally occupied. The
fluorescent porphyrin in PbI is ZnPP which occupies a,
heme binding site. I

bound to individual Hb chains after they are separated.
These observations can be taken to indicate an inter-
chain binding site for the PP of EPP Hb and an intra-
chain binding site for the ZnPP of PbI Hb.

Finally, we can offer the following theoretical argu-
ment for locating the ZnPP in heme sites: The zinc
ion is one of the few metal ions which is readily
chelated by PP in an aqueous environment (reference
22, p. 35). At the same time the zinc ion is readily re-
moved from ZnPP (reference 22, pp. 31-34). Thus, it
is reasonable to expect a dynamic, albeit slow, equi-
librium between free base PP and ZnPP in common
pools. The fact that free PP predominates in EPP and
ZnPP predominates in PbI could be explained on the
basis of a difference in the porphyrin binding sites which
tips the equilibrium in one or both cases.
Heme synthesis is decreased in FeDA because of the

iron deficiency and in PbI because lead inhibits ferro-
chelatase activity (23, 24). If PP and globin syntheses
proceed in the normal ratio, then porphyrin and globin
with unoccupied heme sites are expected to accumulate.
In EPP, heme synthesis appears normal despite a large
overproduction of PP (1, 25). Heme sites in globins
are expected to be occupied as normally by heme. Our
data show that the excess PP in EPP erythrocytes binds
to Hb molecules (in its free base form) at site (s)
other than the heme site. This binding site(s), which
appears to prefer free base PP or is unable to signifi-
cantly disturb a free base = zinc porphyrin equilibrium
lying on the free base side, is also available in PbI or
FeDA red cells. However, in the latter cells the por-
phyrin is bound to Hb as ZnPP. What is indicated is
some other site which prefers ZnPP over the free base
form. Such a site would be the heme binding sites, which
are expected to be abnormally unoccupied in PbI and
FeDA. Zinc is pentadentate and the proximal histidine
in the heme pocket of globin represents an ideal fifth
ligand to stabilize the ZnPP. Thus, ZnPP is accumu-
lated and stabilized in heme sites in PbI Hb (see Fig.
5). Although our data do not prove this model they are
fully consistent with it.
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