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ABSTRACT

A procedure involving the use of the reducing agent lithium aluminum
hydride (I Â¡AllI4)has been designed to explore the nature of the oligomer
linkages in the tumor-localizing component ' hematoporphyrin deriva
tive (HPD). High-performance liquid chromatography and fast-atom
bombardment mass spectrometry were used to determine the reduction
products. The results are consistent with a structure wherein ester
linkages join hematoporphyrin molecules. The presence of minor amounts
of ether-linked porphyrins was confirmed, and their origin was deter
mined through the application of the chemical reduction process to HPD.
An increased proportion of ether-linked porphyrins was detected during
storage of HPD at room temperature or above. The commercial product
Photofrin II, presumably an HPD preparation enriched in the dimcr/
oligomer fraction, was found to contain approximately 50% ether link
ages. This product therefore differs from the corresponding fraction of
freshly prepared HPD.

INTRODUCTION

The use of a HPD3 for localization and photosensitization of

neoplastic lesions has been described in clinical and preclinical
investigations (1-3). HPD was initially synthesized by Dr. S.
Schwartz (see Ref. l ) to improve the tumor localization which
can be demonstrated with impure preparations of hematopor
phyrin (4). HPD is a mixture of porphyrins (2,3,5-7), produced
by a two-step synthetic procedure (8). HP is first treated with a
mixture of acetic and sulfuric acids, resulting in the acetylation
of one or both of the sec-hydroxyl groups (9). The relative
proportions of HP mono- and diacetates vary as a function of
time and temperature of this reaction (10). A milder method of
acetylation involves use of pyridine and acetic anhydride (S).
This procedure minimizes HP dehydration associated with the
use of H2SO4. HP monoacetate can be prepared by treating HP
with a mixture of acetic acid and HC1, then removing traces of
HP diacetate via preparative HPLC (5).

The final step in HPD synthesis involves treatment of HP
acetate(s) with dilute alkali (8). Gel exclusion chromatography
can be used to separate HPD into a dimer/oligomer fraction
and a monomer fraction (6, 7). The latter contains HP, HVD,
and PP which are potent photosensitizers in cell-free systems
(11), but are not tumor localizers in vivo (12).

The nature of the dimer/oligomer fraction of HPD has been
examined by several groups. Bonnett and Berenbaum ( 13) were
the first to suggest some possible structures: porphyrin units
joined by carbon-carbon, ester, or ether linkages. Dougherty
(14) initially provided information suggestive of the latter pos-
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sibility. We later described studies which were more consistent
with an ester linkage (9, 15), and have synthesized tumor-
localizing diporphyrin esters (15-17). Moreover, a monocar-
boxyl monohydroxyethyl analogue of HP, when subjected to
the chemical procedures which convert HP into HPD, yielded
a diporphyrin ester whose structure could be identified by both
mass spectrometry and nuclear magnetic resonance (16).

To unambiguously probe the structure of the porphyrin-
porphyrin linkages in HPD, we have taken advantage of the
unique properties of LiAlH4. This hydride readily converts
esters and acids to the corresponding alcohols but does not
react with ethers (18). The structure of the proprietary product
Photofrin II was also assessed by this technique.

MATERIALS AND METHODS

Porphyrins were obtained from Porphyrin Products, Logan, UT, and
from US Biochemical Corp., Cleveland, OH. HP used in these experi
ments was first purified by gel-exclusion chromatography (19) to elim
inate a minor (<5%) dimer/oligomer fraction. Photofrin II, a commer
cial preparation of HPD enriched in the dimer/oligomer fraction, was
provided by Dr. T. J. Dougherty, Roswell Park Memorial Institute,
Buffalo, NY.

For most studies reported here, we used the HP acetylation in
H2SO4/acetic acid as described by Corner and Dougherty (8). The
conditions specified in Ref. 8 yield mainly HP diacetate (20). We also
examined results obtained when pure HP di- or monoacetate (S) was
used in the preparation of HPD. Radioactive HP diacetate was prepared
by dissolving HP (30 mg) in 3 ml of pyridine containing 185 mg of
[l4C]acetic anhydride (50 ^Ci). Using the procedure outlined by Bonnett

et al. (5), we obtained 32 mg of HP diacetate (34,000 counts/min/mg).
HPD was prepared by dissolving 10-mg portions of an HP acetate
preparation in 0.5 ml of 0.1 N NaOH. After stirring for 60 min at 22'C,

the solution was brought to pH 5.5 with HC1. The precipitated porphy
rins were collected by centrifugaron, and stored at -20"C in the dark.

For further separation or HPLC analysis, HPD preparations were
dissolved in acetonitrile.

Separation of HPD into dimer/oligomer and monomer fractions was
carried out as described before (6) with a slight modification (20); the
LH-20 column was eluted with THF:acetonitrile:5 HIMsodium phos
phate buffer pH 7 (2:1:1). Replacement of methanol with acetonitrile
eliminates the possibility of interactions between reactive groups in
HPD and this primary alcohol. For reductive cleavage studies, the first-
eluted fraction, which contained no HP, was collected, brought to pH
3.5 with H3PO4, and flash evaporated at 20"C. This fraction represents

35-40% of the porphyrin components of HPD.
l iAll L was obtained from the Aldrich Chemical Co., Milwaukee,

WI. Before use, THF (HPLC grade) was treated with LiAlH4 (1 g/100
ml) and heated under reflux for 10 min. The water-free product was
distilled4 from this mixture under anhydrous conditions and stored
over a 5-A molecular sieve under nitrogen. A solution of LiAlH4 was
prepared by addition of 200 mg of solid hydride to 2 ml of anhydrous
THF. This yielded a gray-white slurry. Porphyrins were dissolved in
anhydrous THF (l mg/ml), and a 500-/jl portion of this solution was
treated with an equal volume of the I i \1H, slurry. After 5 min. the
mixture was chilled to 4"( ' on ice, and excess hydride was destroyed by

4This distillation must not be allowed to proceed to near-dryness since I .iAIIL

reacts explosively with THF at elevated temperatures. Excess hydride should be
destroyed with ethyl acetate before discarding.

4642

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/17/4642/2429008/cr0470174642.pdf by guest on 19 M

ay 2023



STRUCTURE OF HPD

addition of 2 volumes of ethyl acetate. The resulting mixture was
shaken with an equal volume of 0.1 M H3PO4, and if necessary, the pH
of the aqueous phase was adjusted to 5. After separation by centrifuga-
tion, the upper phase, which contained all red color and fluorescence,
was used for HPLC and mass spectrometric studies.

HPLC analyses were carried out on a Spectra-Physics SP-4700
solvent system with a 5-mm diameter RP-8 (Waters) cartridge in a "Z"

module (19). The initial solvent was 50% r-butylammmonium phos
phate (5 mM, pH 3.5):40% acetonitrile:10% methanol; flow rate = 0.6
ml/min. During a 1S-min interval, the solvent was linearly changed to
90% accio nilrile: 10'Â«methanol. The flow rate was then increased to

0.9 ml/min, and elution was continued with the 90:10 solvent for an
additional 10 min. The absorbance of the eluate was monitored at 400
am,

Fast atom bombardment mass spectrometry was completed on a
JEOL HX-110-HF instrument (14). Thioglycerol was used as a FAB
matrix for all determinations. Xenon atoms accelerated to 7 kV were
used as the bombarding particles.

RESULTS

Treatment of HP with LiAlH4 led to the formation of a
product which eluted slightly after HP in our HPLC system
(Fig. 1). A doublet at 13.9 and 14.1 min represented the
trialcohol derived from HVD present as a contaminant in HP,
while a trace product at 16.5 min was identified as the dialcohol
of another contaminant, PP. The predominant protonated spe
cies detected by mass spectrometry, in hydride-reduced HP,
corresponds to the expected value for the protonated ion (m/z
= 571) of HP tetraalcohol. To insure that we were observing
reduced products in the hydride-reduced samples, we routinely
added authentic HP, HVD, and PP to replicate HPLC runs
(see for example Fig. 1, top).

An HPLC analysis of freshly prepared HPD, its dimer/
oligomer fraction separated on LH-20, and the LiAlH4 reduc
tion product of the latter, are shown in Fig. 2 (tracings 1, 2 and
3, respectively). We observed an almost quantitative conversion
of the dimer/oligomer fraction to HP, HVD, and PP alcohols.
Similar results were obtained with HPD prepared from pure
HP mono- or diacetate. Storage of HPD for 5 days at 22Â°C

resulted in a substantial loss of material from the dimer/
oligomer fraction (Fig. 2, tracing 4). A dimer/oligomer fraction
of the stored material was prepared (Fig. 2, tracing 5); LiAIH4

Â§
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Fig. 1. Bottom, HPLC profile of the LiAIHÂ«reduction product of HP; top, a
mixture of this product and standards (HP, HVD. and PP).

Fig. 2. /, HPLC pattern of HPD; 2, HPD dimer/oligomer fraction separated
on LH-20; 3, LiAIH* reduction products of 2: 4, HPLC pattern of HPD after
storage at 22'C for 5 days; 5, dimer/oligomer fraction from 4; 6, LiAIHÂ«reduction

products of 5.

reduction of this fraction yielded a substantially higher propor
tion of unreduced material (Fig. 2, tracing 6) than was seen in
freshly prepared HPD. This same series of transformations was
observed with HPD prepared from pure HP mono- or diacetate.

The reduction of dimethyl HP ester was carried out using
LiAll 14 in order to demonstrate the reactivity of this reagent
toward ester linkages. The reaction yielded a porphyrin mole
cule with 4 alcohol functional groups, 2 primary and 2 second
ary. Analysis of the reaction product via HPLC (not shown)
showed a significant shift in retention time from 14 (starting
material) to 9 min. FAB mass spectrometry analysis of the
reduction product revealed a prominent peak (m/z = 571) which
corresponds to the expected value for the protonated tetraal
cohol of HP.

In all reductions, we treated porphyrins with LiAlH4 for 10
min. This provided an optimum yield of reduced products. The
natures of the reaction products were not altered by increasing
the time of treatment with hydride to 30 min; aluminum can
be inserted into the porphyrin ring if long reaction times are
used.

To demonstrate that LiAlH4 does not reduce ether bonds,
reduction of the dimethyl ether of HP dimethyl ester was
attempted. Analysis of the reaction product by FAB mass
spectrometry showed an intense (M + H)+ at m/z = 599; this

is 56 daltons less than the mass of the corresponding ion (M +
H)+ formed by the starting material; m/z = 655. This mass

change is consistent with the reduction of the 2 methyl esters
to primary alcohols. Further reduction of the methyl ethers
would yield a molecule with (M + H)+ at m/z = 571. This ion

was not observed in the mass spectrum.
To ensure that LiAlH4 reactivity could distinguish between

dibenzyl ethers and esters, we also examined the reactivity of
dibenzyl ether and benzyl benzoate under the conditions de
scribed above. HPLC analysis revealed that the former was
unreactive, while the latter was quantitatively converted to
benzyl alcohol. An HPLC procedure was used to analyze the
reaction products.

Reductive hydrolysis of the commercial product Photofrin II
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STRUCTURE OF HPD

(Fig. 3, bottom) was also carried out. This material is said to
consist of HPD enriched in the dimer/oligomer fraction via a
process which has not been described in the literature. We
prepared the dimer/oligomer fraction from Photofrin II using
LH-20 chromatography (Fig. 3, center). Treatment with LLA1H4
revealed that at least 50% of this material was resistant to
reduction (Fig. 3, top). This is substantially greater than the
corresponding fraction (Fig. 2, tracing 3) found in freshly
prepared HPD.

Mass spectrometric studies on the dimer/oligomer fraction
of HPD showed the presence of protonated ions corresponding

20

TIME (mm)

Fig. 3. HPLC elution profiles. Bottom, Photofrin II; center, dimer/oligomer
fraction of Photofrin II (from LH-20); top, LiAlH4 reduction products of dinier/'

oligomer fraction.

to 2, 3, or 4 porphyrin units joined with the loss of 1, 2, or 3
molecules of water, m/z = 1179, 1759, and 2339 (data not
shown). Treatment with LiAl H4 resulted in loss of all of these
species, with the major detectable protonated ion (m/z = 571)
corresponding to the HP tetraalcohol.

To further examine the hypothesis that diporphyrin ether
linkages are the major components of the porphyrin dimer
fractions resistant to reductive cleavage with LiAlH4. we ex
amined by mass spectrometry the products of the reaction
between Photofrin II and the hydride. The mass spectrum of
Photofrin II (Fig. 4, left) shows the same prominent protonated
ions (1179, 1759, and 2339) as were observed with freshly
prepared HPD. A trace of pentamer can also be detected. We
also observed ions corresponding to loss of one or 2 additional
water molecules, representing dehydration of the free sec-hy-
droxyl groups of these porphyrin oligomers.

Treatment of the dimer/oligomer fraction of Photofrin II
with LiAIH4 (Fig. 4, right) yielded protonated ions with m/z =
1123, 1676, and 2227, values expected from dimeric and oli-
gomeric ethers with peripheral COOH groups reduced to
CH2OH. These species were also detected in the dimer/oligo
mer fraction of HPD after storage (Fig. 3, tracing 6).

A final series of experiments was carried out using [I4C]-

diacetyl HP. The dimer/oligomer fraction of HPD prepared
from this material contained approximately one labeled acetate/
8 porphyrins (Table 1). Storage of this material at 22Â°Cfor 5

days resulted in almost complete release of label from the
dimer/oligomer fraction.

DISCUSSION

In previous reports (6, 16), we described the separation of
HPD into a dimer/oligomer component which was resolved
poorly by HPLC and a monomer fraction containing HP, H VD,
and PP. Treatment of the former with LiAll 14yields mainly
the tetraalcohol analogue of HP, indicating that ester-linked
porphyrins are the principal components of the tumor-localiz
ing dimer/oligomer fraction of HPD. This result was obtained
regardless of the HPD precursor: HP monoacetate, HP diacc
iate, or a mixture of the two. The sensitivity of such esters to
reductive cleavage has been demonstrated with HP dimethyl

Fig. 4. FAB mass spectra of Photofrin II (left) and its LiAlH4 reduction products (right).
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Table 1 Stability of f'CJacetyl HP linkages

["CJAcetyl HP was converted to HPD, and the dimer/oligomer fraction of the
latter was isolated as described in the text. From specific activity considerations,
the number of acetates/porphyrin was assessed. Where indicated, the dimer/
oligomer fraction was stored for 5 days at 22*C before assay.

ProductHP

diacciateHPDHPD,

dimer/oligo
merfractionHPD,

dimer/oligo
merfraction(stored)Specific

activity
(counts/min/

absorbanceunit10001436818.8Porphyrins:acetate1:23.5:17.35:128.6:1

ester. The resistance of a benzylic ether linkage to reduction
was demonstrated using the dimethyl ether of HP dimethyl
ester. The reactivity of diHP ether (a dibenzylic ether) toward
LiAlH4 is unknown, since an unambiguous synthesis of such a
product has not been reported. It seems unlikely that a diben
zylic ether would be less sensitive to reductive cleavage than a
monobenzylic ester, but no data are available regarding this.

A mechanism for the gradual appearance of ether linkages in
the dimer/oligomer fraction of HPD remains to be explained.
A substantial portion of the dimer/oligomer fraction is lost
upon storage at room temperature or above (compare Fig. 3,
tracings 1 and 4), and formation of ether-linked porphyrin also

occurs. A possible route could involve unhydrolyzed acetates
present in ester-linked porphyrins which are initially formed.

Data shown in Table 1 indicate that a substantial number of
acetyl groups survive treatment of HP diacciate with dilute
NaOH. The dimer/oligomer fraction of HPD contains 7-8
porphyrins/acetate. If we consider that the dimer/oligomer
fraction is composed solely of porphyrin dimers, this value
would be consistent with the presence of 3 diporphyrins/dipor-
phyrin acetate. The presence of unhydrolyzed acetates in HPD
has been reported before (21). A gradual reaction between these
acetates and free sec-OH groups to form ethers may occur
during storage at room temperature. We suggest that this
reaction takes place to form the more stable ether linkages
while the less stable esters are gradually hydrolyzed. Such a
phenomenon might explain the gradual appearance of ethers
(Fig. 2).

During the preparation of this manuscript, we learned that
Dougherty (22) has also detected LiAlH4-resistant material
which makes up 50% of the dimer/oligomer fraction of Pho-

tofrin II. The presence of such material in Photofrin II does
not appear to affect photodynamic activity. Apparently, either
ester or ether linkages are consistent with tumor localization.
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