hanced pigment excretion again was de-
tectable 5 minutes after illumination be-
gan.

These results show that the physiolog-
ic response of jaundiced rats to blue light
is mediated via the skin surface without
involving pineal or visual photorecep-
tors. As in vision or phytochrome-medi-
ated processes in plants, the photobio-
logic response is fast even at low light in-
tensities. Pronounced changes in bile
composition are observed in minutes, in
contrast to the hours of phototherapy re-
quired to produce significant changes in
plasma bilirubin concentration. Obvious-
ly, the plasma bilirubin concentration is
not a sensitive or direct measure of the
photobiologic response, and its value in
studying the mechanism and Kinetics of
phototherapy is limited.

The mechanism for the enhanced ex-
cretion of unconjugated bilirubin during
phototherapy is unknown. A current hy-
pothesis cites geometric isomerization
6). Bilirubin IXa, which has two Z-con-
figuration bridge double bonds (7) and
requires conjugation for excretion, is
thought to be converted by absorption of
light to E-Z or E-E isomers that can be
excreted without conjugation. Our ob-
servations are compatible with this theo-
ry and consistent with immediate forma-
tion of a compound in the skin that mi-
grates to the blood, is taken up by the
liver, and is rapidly excreted in bile. Al-
though increased pigment excretion is
detectable very soon after illumination
begins, the response is rather slow com-
pared to the excretion of exogenous an-
ions such as bromosulfophthalein or rose
bengal, which appear in bile less than 1
minute after an intravenous pulse injec-
tion (8). Quite likely, pigment excretion
in phototherapy is delayed somewhat be-
cause the putative bilirubin isomers or
other pigments that are generated photo-
chemically have to pass from extravas-
cular tissues to plasma before they can
be cleared and excreted.

Additionally, these studies show that
high-pressure liquid chromatography
flow-cell detectors, which are readily
available, can be used to monitor pig-
ment concentrations in rat bile continu-
ously and directly. This sensitive tech-
nique has several advantages over the
usual batch-sampling methods and is
valuable for studying the hepatic excre-
tion and metabolism of endogenous and
exogenous pigments (8).
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Department of Medicine and
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University of California,
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Time-Resolved Resonance Raman Spectroscopy of Hemoglobin

Derivatives: Heme Structure Changes in 7 Nanoseconds

Abstract. Resonance Raman spectra of oxyhemoglobin, deoxyhemoglobin, car-
boxyhemoglobin, and the corresponding myoglobin derivatives have been obtained
with 7-nanosecond laser pulses at 531.8 nanometers. The results suggest that no
transient constraint of the heme group by the globin structure occurs on this time
scale, and thus establish a temporal sequence for the early events that may partici-
pate in the stereochemical trigger mechanism of hemoglobin cooperativity.

We have recorded the resonance Ra-
man spectra of oxyhemoglobin (O,Hb),
deoxyhemoglobin (deoxy Hb), carboxy-
hemoglobin (COHb), and the corre-
sponding myoglobin derivatives, using 7-
nsec excitation pulses at the second har-
monic wavelength (531.8 nm) of an
Nd:YAG laser. In the case of COHb, es-
sentially complete photodissociation of
CO from the heme iron occurs in the first
few hundred picoseconds during which
the laser pulse impinges on the sample.
Therefore, the observed resonance Ra-
man scattering is predominantly due to
photodissociated COHb. Inasmuch as
the protein structural relaxations that
follow photodissociation of COHb are
thought to occur with half-lives of 40
nsec or longer (/), the ““COHb’’ spectra
that we observe are actually spectra of
hemoglobin in which the heme group is
deoxy, but the protein remains pre-
dominantly in its ligated (oxy) tertiary
and quaternary structures. Neverthe-
less, the time-resolved resonance Ra-
man spectra of photodissociated COHb
appear insignificantly different from
those of deoxy Hb. The implications of
this result for the dynamics and statics of
hemoglobin cooperativity are discussed.

The apparatus employed to record the
time-resolved resonance Raman spectra
will be described in detail elsewhere (2).
Resonance Raman scattering was ex-
cited by repetitive (5 to 20 Hz) pulses
from a Q-switched frequency-doubled
Nd:YAG oscillator (Quanta-Ray DCR-
1). This laser is capable of delivering 75
mJ pulses at 531.8 nm; the energy per
pulse used in this study was varied be-
tween 3 and 27 mJ. The measured pulse

width at 531.8 nm was 7 nsec (full width
at half-maximum). Raman-scattered light
from the sample was collected at f/1 us-
ing essentially conventional illuminator
optics, and focused at f/7 into a vidicon
spectrograph consisting of a Spex 187¢
0.5-m spectrograph with a Princeton Ap-
plied Research 12051 detector head in the
image plane. This arrangement allowed
simultaneous detection of a 345 c¢cm™!
segment of the Raman spectrum with
peak positions accurate to within 2cm™.
Spectra were processed by the Princeton
Applied Research optical multichannel
analyzer console and recorded on an X-
Y plotter. Hemoglobin was isolated from
human whole blood by a modification of
the method of Drabkin (3). Resonance
Raman spectra were obtained at 25°C in
aqueous solution, pH 7.0, at a total heme
concentration of 0.5 to 1.0 mM. Oxyhe-
moglobin was observed in air-saturated
solutions and deoxyhemoglobin was
formed by reduction with excess sodium
dithionite. ~ Carboxyhemoglobin  was
formed from the deoxy Hb solution by
addition of CO and was observed under 1
atm of CO. Myoglobin was obtained
from Sigma (type I, from equine skeletal
muscle) and observed under the same
conditions as hemoglobin.

The generally accepted model for he-
moglobin cooperativity proposes that the
‘*stereochemical trigger’ for the change
from the ligated (oxy tertiary and R qua-
ternary) to the unligated (deoxy tertiary
and T quaternary) protein conformation
is the spin-state change of the iron atom
on deligation at the axial site trans to the
proximal histidine ¢, 5). This spin-state
change is accompanied (or followed) by
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displacement of the iron atom out of the
heme plane toward the proximal histi-
dine, and probably by appreciable
lengthening of the iron-imidazole bond.
The heme structure change is trans-
mitted to the protein tertiary and quater-
nary structures, effecting the observed
cooperativity of ligand binding in the tet-
rameric protein. The temporal relation-
ships among the events of heme deliga-
tion, spin-state change, heme structure
change, and protein structure change are
of importance in understanding the rela-
tionships between heme structure and
protein function. Inasmuch as conven-
tional continuous-wave (CW) resonance
Raman spectroscopy is a well-estab-
lished probe for equilibrium heme elec-
tronic states and structures (6), time-re-
solved resonance Raman spectroscopy
may be expected to provide similar infor-
mation on heme transients and their tem-
poral behavior.

The available evidence on the dynam-
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Fig. 1. Time-resolved
resonance Raman
spectra of (A) oxyhe-
moglobin, (B) deoxy-
hemoglobin, and (C)
photodissociated car-
boxyhemoglobin (see
text), in the frequency
region of the struc-
ture-sensitive indica-
tor bands. Abbrevia-
tions: p, polarized;
dp, depolarized; and
ap, anomalously (in-
versely) polarized.
Conditions: excitation,
531.8 nm; pulses,
7 nsec; pulse repe-
tition frequency, 10
| Hz; pulse energy, 10
| mJ; and accumulation
[ time, 165 seconds.
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points where adjacent
vidicon frames were
joined to make up
complete spectra.
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where ¢ is the quantum yield and 3° and
4° refer to the tertiary and quaternary
structures of the protein. In a typical ex-
periment, we illuminate the Raman scat-
tering volume of our sample with 7-nsec
laser pulses of wavelength 531.8 nm, en-
ergy 10 mJ, and repetition rate 10 Hz.
Each pulse is sufficiently intense to
photodissociate all of the COHb within
the scattering volume in approximately
300 psec, which is the time required to
deliver a sufficient number of photons to
complete reaction 1 above. The remain-
der of the laser pulse ‘‘sees’ only the
product of reaction 1 or 2 plus any
HbZReoxY that has been produced by reac-
tion 3. During our 7-nsec laser pulse, at
most 11 percent of the total photodisso-
ciated Hb can produce Hb%Reox¥, Our
time-resolved resonance Raman spectra
of COHb therefore represent approxi-
mately 86 percent HbIQ®, 10 percent
HbZReexy and 4 percent COHb. Also,
since COHb is completely re-formed in
less than 0.1 second, 10-Hz laser pulses
can be repeated indefinitely to improve
the spectral signal-to-noise ratio by sig-
nal accumulation.

Figure 1 shows the time-resolved reso-
nance Raman spectra of the structure-
sensitive spectral regions (1300 to 1700
cm™) of O,Hb, deoxy Hb, and COHb
(photodissociated, as noted above). In
these experiments, O,Hb remains ligated
because of its relatively low quantum
yield of photodissociation. The spectra
of O,Hb and deoxy Hb appear in-
significantly different from the respective
CW spectra excited at similar laser
wavelengths. The three indicator bands
that reflect the heme electronic or geo-
metric structure shift from 1377, 1586,
and 1640 cm™! in O,Hb to 1358, 1552,
and 1607 cm™! in deoxy Hb, as expected
6, 11). The two highest-frequency vibra-
tions are thought to be sensitive primari-
ly to displacement of the iron atom in or
out of the heme plane, particularly when
the iron atom and the heme are far from
coplanar (as in deoxy Hb) (/11-13).

The spectrum of photodissociated
COHb in Fig. 1 is essentially the same as
that of deoxy Hb (the same result is ob-
tained with myoglobin). This suggests
that the structural relaxations of the
heme group following photodissociation
of COHb are complete in much less than
7 nsec, despite the evidence that the pro-
tein structural relaxations take place in
longer times (see reaction 2). Two points
are clear from this result: first, the pro-
posed stereochemical trigger for cooper-
ativity in hemoglobin (the heme struc-
ture change) is temporally decoupled
from the protein reorganizations that it
purportedly triggers, and second, the
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nonequilibrium  globin  structure in
photodissociated Hb%g* apparently ex-
erts no significant transient constraint on
the heme structure (at least on the time
scale that we are able to observe). Con-
cerning the second point, it has been
clearly demonstrated (12) that static glo-
bin constraints result in no resonance
Raman-detectable distortion of the heme
group of carp hemoglobin (which can ex-
ist in the T or R protein conformation,
independent of the ligation state of its
hemes). It was conceivable, however,
that such an effect of globin constraint
might be observed in an experiment sen-
sitive to the dynamics of the structural
reorganizations. Our results indicate that
no such dynamic effect occurs.

Our results provide new insight into
the possible mechanisms of hemoglobin
cooperativity. If the stereochemical trig-
ger hypothesis is correct, then the effects
of the heme structure change must ini-
tially be stored as strain energy exclu-
sively in the globin structure. This strain
must, on a longer time scale, trigger the
reorganization of the globin tertiary
structure. It is entirely plausible that
such a temporal sequence could occur,
considering the magnitude of the protein
reorganizations involved and the likeli-
hood that the globin represents a ‘‘weak
spring’’ compared to the heme (12-15).
Our results are mute concerning the va-
lidity of the stereochemical trigger hy-
pothesis; they are equally consistent
with its validity or its failure. If, how-
ever, the stereochemical trigger is ac-
cepted as valid, then our results support
the basic premise of the distributed ener-
gy model (I15) of hemoglobin cooperativi-
ty, where the free energy of cooperativi-
ty is stored as small strains in the globin
structure.

WiLLiaM H. WOODRUFF
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Department of Chemistry, University
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Allergic Orchitis Lesions Are Adoptively Transferred

From Vasoligated Guinea Pigs to Syngeneic Recipients

Abstract. Histopathology typical of allergic orchitis developed in testes of inbred
guinea pigs 16 months after vasoligation. A similar histopathology was found in
unoperated testes after unilateral vasoligation. Peritoneal exudate cells from vasoli-
gated guinea pigs transferred identical lesions to syngeneic recipients. The testicular

lesions in long-term vasoligated guinea pigs have an immunologic basis.

Allergic orchitis, an experimental au-
toimmune disease of the testis, is readily
induced in guinea pigs after immuniza-
tion with testis tissue or testicular ex-
tracts in complete Freund’s adjuvant (1).
The disease is characterized by inflam-
mation in the testis and loss of spermato-
genic cells; Leydig cells, Sertoli cells,
and spermatogonia are not affected (2).
Vasoligation of man and experimental
animals results in the production of anti-

histopathologic changes in the epididy-
mis and the testis have been described
(4-7). According to some investigators
the morphology of these testicular le-
sions is similar to those of allergic or-
chitis (5, 6). However, it is difficult to
distinguish immunologic lesions from
pathologic changes that might result
from the vasoligation procedure. In this
report, testicular lesions were adop-
tively transferred by the injection of peri-

bodies to sperm (3-7), and concomitant toneal exudate cells from long-term

Table 1. Incidence of testicular and epididymal pathology in strain 13 guinea pigs 16 months
after bilateral or sham vasoligation. Under general anesthesia and with aseptic technique, both
testes were exteriorized through a low midline abdominal incision. For bilateral vasoligation,
the vas were ligated by two silver clips, and a silk ligature was placed between the clips, and the
bladder and the vas were cut between the clips. The testes were carefully returned to the scrota,
and the abdominal wall was closed in layers. For sham-vasoligation, a silk ligature was loosely
tied around, but did not constrict, the vas. Two silver clips were placed on tissues adjacent to the
ligature. The testes were carefully returned to the scrota, and the abdominal wall was closed in
layers.

Number of
Vaso- . . . . animals with
ligation N Histologic findings in testis epididymal
granuloma
Bilateral 4 Multiple macrophagic-invasive lesions with many atrophic 1
seminiferous tubules
Bilateral 4 Focal macrophagic-invasive lesions with focal hypo- 2
spermatogenic tubules
Bilateral 10 Normal 4
Sham 5 Normal ) 0

Table 2. Testicular changes in strain 13 guinea pigs 16 months after unilateral vasoligation. The
vasoligation was performed as for bilateral vasoligation (Table 1), while the nonvasoligated
testis was untouched.

Guinea Testicular histopathology

pig Vasoligated Nonvasoligated

1301 Normal Normal

1302 Normal Normal

1303 Normal Normal

1304 Numerous macrophagic-invasive Several macrophagic-invasive
lesions lesions

1307 Numerous macrophagic-invasive Occasional macrophagic-invasive
lesions lesions

1308 Numerous macrophagic-invasive Numerous macrophagic-invasive

lesions and aspermatogenesis in 50
percent of seminiferous tubules

lesions and some hypospermato-
genic seminiferous tubules
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