more frequent for the vowel group (13
intrusions equaling .41 of all words re-
called) than for the liking group (5 intru-
sions equaling .06 of all words recalled).

Our findings show a pattern of results
with normal subjects that mirrors the
performance of anterograde amnesic pa-
tients. Like amnesics, our vowel sub-
jects gave little evidence of having seen
the words that they successfully pro-
duced on the completion test. The vowel
subjects explained, for example, that
they “‘did not look at the words’’ or that

they were ‘‘not instructed to look at the.

words.”” This dissociation of recall and
completion performance is predicted by
the dual process model of recognition for
any group of subjects that is prevented
from elaborative processing. Different
and separate underlying processes are
responsible for recall and for comple-
tion. The advantages of elaborative pro-
cessing are not available to amnesic pa-
tients—they are unable either to con-
struct and store or to retrieve the elabo-
rative network necessary for recall. In
the case of our vowel group, we have
prevented elaborative encoding and pro-
duced similar results.
PETER GRAF
GEORGE MANDLER
PaTricia E. HADEN
Center for Human Information
Processing, University of California,
San Diego, La Jolla 92093
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Transient Raman Study of Hemoglobin:
Structural Dependence of the Iron-Histidine Linkage

Abstract. Low-frequency resonance Raman spectra of transient hemoglobin
species were observed within 10 nanoseconds of photolysis. The Raman frequencies
of the iron—proximal histidine stretching mode for transient species having either the
R or the T quaternary structure are higher than in the corresponding deoxy species.
The observed frequency difference in the iron-histidine mode between the R- and T-
state transients indicates that there are quaternary structure-dependent protein
forces on the iron-histidine bond in the liganded hemoglobins. These differences are
interpreted in terms of changes in the tilt of the histidine with respect to the heme

plane.

Transient forms of hemoglobin (Hb)
resulting from photodissociation of
bound ligands provide a means of study-
ing the conformational changes that initi-
ate the events leading to the quaternary
structure transition. After the photolysis
of COHb, the porphyrin relaxes within
picoseconds to a configuration nearly
identical to that of an electronically re-
laxed deoxy (five-coordinate) heme (/-
6). An important consideration in deter-
mining the mechanism for subsequent
protein dynamics (such as the quaterna-
ty structure change) is the coupling
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mechanism between the nonequilibrium
protein and the electronically relaxed
deoxy heme. By comparing the reso-
nance Raman spectrum of the deoxy
heme in the transient species to that of
the corresponding relaxed species, one
can examine how specific degrees of
freedom of the deoxy porphyrin are
modified by the protein structure. The
iron—proximal histidine (Fe-His) linkage
is a potentially important element in
models describing cooperativity in Hb.
Using time-resolved resonance Raman
scattering, we have determined the fre-
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quency of the Fe-His stretching mode
from both high-affinity (R-state quater-
nary structure) and low-affinity (T-state
quaternary structure) photodissociated
ligand-bound hemoglobins. Compared to
the relaxed deoxy species, the Raman
bands associated with the transient spe-
cies at 10 nsec are shifted to higher
frequency by 6 to 10 cm™'. In both the
deoxy and the transient species, the Fe~
His stretching frequency is higher in the
R state than in the T state.

Transient resonance Raman spectra
were generated with the output of a dye
laser pumped by a nitrogen or an ex-
cimer laser operating at 10 Hz. The tun-
able output (= 0.6 mJ) of the dye laser
consisted of 10-nsec pulses. An excita-
tion frequency near 4200 A (Bis MSB) or
4350 A (stilbene 3) was used to achieve
resonant enhancement of the relevant
Raman bands. The excitation light was
focused (with a lens of focal length 250
mm) into a temperature-controlled cu-
vette at 2°C. No differences in spectra
were observed between static and recir-
culated samples. The 90° scattered light
was collected by an off-axis elliptical
mirror and dispersed by a I-m f/8 J. Y.
Ramanor HG-23 spectrometer fitted with
an RCA C313034-02HQ photomultiplier
tube. The output of the photomultiplier
tube was gated (1 nsec) and averaged
with a PAR model 163 boxcar integrator.
The resulting signal was stored and pro-
cessed with a Nicolet 1174 signal aver-
ager, which allowed for repetitive scans
of a spectrum (reset error < 0.2 cm '),
A custom-designed interference filter for
the excitation pulses was used to reduce
the fluorescence background associated
with the output of the dye laser.

The R-state transient was derived
from photolyzed human adult COHb and
NOHb and the corresponding T-state
species were derived from photolyzed
NOHb and from COHbK (Kansas) (700
wM, pH 6.5, 100 mM bis-tris), both in the
presence of inositol hexaphosphate
(IHP). The high heme concentration was
necessary to ensure a sizable population
of tetramers in the HbK (Kansas) sam-
ple. No spectral dependence on heme
concentration (100 to 500 pM) was ob-
served for the R-state transients.

Figure [ shows low-frequency reso-
nance Raman spectra of transient Hb
species occurring within 10 nsec of pho-
tolysis of COHb. The upper and lower
spectra are from the photolyzed carboxy
derivatives of adult hemoglobin (HbA)
and HbK (plus ITHP, pH 6.5), respective-
ly. Under the conditions used, the tran-
sients associated with HbA and HbK
have the quaternary structure of the R
state and the T state, respectively. From
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these spectra the frequency associated
with the Fe-His stretching mode is
~ 230 ecm™!' for the R-state transient
species and ~ 222 cm ™! for the T-state
transient species. Approximately the
same frequencies for T and R states,
respectively, were found for NOHb with
and without IHP (Table 1). The corre-
sponding frequencies (7, 8) in] equilibri-
um deoxy HbA are 216 cm™ (T state)
and 222 cm™' (R state derived from
genetically or ¢chemically modified Hb).

From the behavior of the Fe-His
stretching modes, we conclude that the
transient species has a stronger Fe-His
bond than the deoxy counterparts; spe-
cifically, within each quaternary struc-
ture the Fe-His stretching mode is at a
higher frequency for the transient.
Therefore for both quaternary struc-
tures, ligation induces substantial struc-
tural changes about the heme. Baldwin
and Chothia (9) concluded that the posi-
tioning of the histidine is primarily a
consequence of the quaternary structure
irrespective of the presence of bound
ligand. However, the results reported
here indicate that the positioning of the
histidine is controlled by both quaterna-
ry structure and ligation.

Although different ligands are known
to generate slightly different structures
(10), for a given quaternary structure in
the transient species at 10 nsec the Fe-
His frequencies are indistinguishable.
For NOHb plus THP there is strong
evidence that the Fe-His bond is either
severed or severely weakened (/1, 12).
However, at 10 nsec the Fe-His frequen-
cy is the same as that of photolyzed
COHDK, in which there is no evidence
for an anomalous Fe-His bond. Further-
more, despite substantial differences in
the iron-to-center distance in COHb be-
tween the « and B subunits (Table 1), we
detect no chain-specific differences in
the transients. These results indicate
that, although the protein retains memo-
ry of the liganded state, the ligand-spe-
cific features have relaxed within 10 nsec
of photolysis.

The question remains whether, within
10 nsec, the Fe-His bond length has
achieved its equilibrium ‘‘deoxy’’ value,
which would allow a direct structural
comparison of the Fe-His linkage be-
tween the equilibrium and transient spe-
cies. Central to this question is when the
in-plane iron of the liganded heme reas-
sumes an out-of-plane position charac-
teristic of the deoxy heme. There is
théoretical (/3-16) and experimental (/7)
evidence that in a five-coordinate heme,
nonbonded interactions between the
proximal histidine and the pyrrole nitro-
gens of the porphyrin macrocycle strong-
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Fig. 1. The low-frequency resonantly en-
hanced Raman spectrum of the transient
deoxy species occurring within 10 nsec of
photodissociating carboxyhemoglobin. The
unliganded species giving rise to the upper
spectrum has the R quaternary structure
whereas that giving rise to the lower spectrum
has the T structure. The spectrum associated
with HbK has a shoulder on the high frequen-
cy side of the 222 cm™! band which is attribut-
ed to = 15 percent of the heme population
which exists as dimers under these experi-
mental conditions,

ly favor an out-of-plane iron. Calcula-
tions (/6) show that the nonbonded re-
pulsive energy drops from 15 to 6 kcal
when the iron atom moves to 0.3 A out of
plane. If the iron in the transient re-
mained in plane, as suggested (5, 6) on
the basis of other transient Raman stud-
ies (5, 6, 18), then to account for the
increase in frequency the protein would
have to generate a force counter to the
sizable repulsive force discussed above;
otherwise the iron would be expected to
assume an out-of-plane configuration
within a few vibrational periods (less
than picoseconds). The observed in-
crease in frequency would have to be
explained in terms of this postulated

restraining force inducing a shortening of
the Fe—-His bond. The rigidity that would
be necessary for these forces is not evi-
denced in crystallographic (9) or theoret-
ical studies (I3, 14, 19). Furthermore, if
the iron maintained the same position in
this transient species as in the six-coordi-
nate hemoglobin, the Raman frequency
should be correlated with the known
displacements in the liganded species.
As seen in Table 1, there is not such a
correlation. This is especially notable in
the comparison of COMb (carboxy-
myoglobin) and the B subunits of COHb,
which have identical iron displacements
but very different transient Raman fre-
quencies.

Movement of the iron out of the heme
plane should be accompanied by sub-
stantial changes in both Raman and ab-
sorption spectra. Transient absorption
(4) and Raman studies (5, 6) show a
major change in the electronic and nucle-
ar structure of the heme within a few
picoseconds of photolysis, followed by
an unchanging spectrum from 1 to 20
nsec. Recent pulse-probe transient Ra-
man studies (20) indicate that the Fe-His
stretching mode in various photolyzed
Hb’s relaxes on the time scale of hun-
dreds of nanoseconds to hundreds of
microseconds. Thus either the iron re-
laxes out of plane in the predicted pico-
seconds or less or remains in plane for at
least a factor of 10° to 107 longer than the
predicted subpicosecond time scale for
model heme systems. On the basis of the
above considerations, we assume that
the transient at 10 nsec does have an out-
of-plane iron.

Even though we infer that in 10 nsec

Table 1. Frequencies of the Fe-His stretching mode from a variety of high-affinity and low-
affinity forms of deoxyhemoglobins and photodissociated (10 nsec) hemoglobins. Also shown
are the known values for several structural parameters associated with both the displacement of
the iron and the distances between the carbons of the proximal histidine and the nitrogens of the
heme. The Fe-center distance is the distance between the iron atoms and the center of the
pyrrole nitrogen core. The structural parameters refer to the unphotolyzed species.

His-heme distance

Fe-His Fe-center -
Sample State frequency distance (A)
L R
Deoxy HbA
a subunit T 2017212*%  0.60 (27) 3.2(9) 3.8(9)
B subunit 218* 0.63 (27) 3.5(9 429
Deoxy NES des-Arg'*!'“-HbA R 222+ 2
Deoxy Mb 222 £ 2 0.42 (27, 28) 3.6 (28) 3.5(28)
COMb 222 2  0.18% 3.3% 3.2%
COHbDb (Kansas) + IHP + hv T 222 £ 2
NOHb + [HP + hv T 222 =2
COHbA (pH 9.0) + hv R 231 = 1
a subunit R 231 £ 1§ 0.04 (29) 3.1(9) 3419
B subunit R 231 = 1§ 0.22 (29) 3.2(9) 329
COHb (Kempsey) (pH 9.0) + hv R 231 = 1
NOHb (pH 9.0) + hv R 231 = 1

*Values for valence hybrids (7) and for Fe-Co l;yl;};dsija) o ;VialiLrlg t:on:(75 NES ([\/-;hi);ls;c;m;udo)i
cysteinyl; Arg, arginine. iDistance for O,Mb from Phillips (3/). §Values for Fe-Co hybrids from
Friedman et al. (32).
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the iron has relaxed to an out-of-plane
position, our data still have implications
regarding the forces in the liganded pro-
tein. The R-T differences in the transient
spectra indicate that there are quaterna-
ry structure—dependent protein forces on
the Fe-His bond in the liganded hemo-
globins. This follows because the protein
quaternary structure relaxes on a much
longer time scale (27-23). To translate
these differences into energies in the six-
coordinate case, it is necessary to know
the R-T-dependent forces responsible
for the variation in Raman frequency. As
a first step we have attempted to corre-
late known structural features with the
observed frequencies.

The differences in frequency between
the deoxy and transient species could
originate from a variety of sources. One
possibility is that 10 nsec after photolysis
the heme is in a long-lived excited elec-
tronic configuration which affects the
force constant of the Fe—His stretching
mode. This is unlikely because (i) there
is no spectral evidence for such an excit-
ed electronic state and (ii) the time evo-
lution of this mode after photolysis is
characteristic of a protein nuclear coor-
dinate relaxation rather than an electron-
ic relaxation at the heme. For example,
at room temperature the frequency re-
laxes in microseconds (20), whereas at
cryogenic temperatures the transient can
be stabilized for hours (24). We therefore
assume that the frequency differerices in
the steady-state species and the tran-
sients originate from the influence of the
protein on the Fe—His linkage. We exam-
ined crystallographic data in search of a
structural parameter that can, within the
uncertainties of the x-ray data, account
for the observed frequency behavior of
the Fe-His mode in a consistent and
straightforward fashion. The protein de-
gree of freedom that satisfied these crite-
ria is the tilt of the proximal histidine
with respect to the heme plane. Theoreti-
cal considerations (/4-16) also indicate
that this tilt is important in regulating
ligand binding. In the following we ex-
amine the relation between this tilt and
the frequency of the Fe-His stretching
mode.

The tilt of the histidine (in its own
plane) with respect to the porphyrin
plane results in a difference in the dis-
tances (see Table 1) between the two
pairs of imidazole carbons and the pyr-
role nitrogens. In going from the ligand-
ed to the deoxy case, the histidine in
myoglobin retains its symmetric orienta-
tion, whereas in hemoglobin it goes from
a symmetric to a tilted orientation. This
small tilting has minimal kinematic ef-
fects (25), but it should weaken the Fe—
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Fig. 2. Schematic two center potential energy
surfaces generated by the addition of a repul-
sive term (o/r)'? to a Lennard-Jones potential
[(Vr'? ~ (I/r)®]. The scale on the top for the
repulsive potential has one tenth the sensitiv-
ity of the scale used for the Lennard-Jones
potentials.

His bond and thereby lower the Raman
frequencies because of the increase in
nonbonded interactions (/4). A hypo-
thetical diatomic Lennard-Jones poten-
tial for this bond is shown in Fig. 2. An
increased nonbonded interaction for the
slightly tilted conformation may be de-
scribed by adding a (1/9)'? repulsive term
to the Lennard-Jones potential. Figure 2
shows a range of such repulsive terms,
which cause the original potential func-
tion to become shallower and less har-
monic (26). Thus, in the absence of kine-
matic effects, stronger repulsive terms
result in lower vibrational frequencies. If
the change in Raman frequency is due to
a change in nonbonded interactions,
there should be no difference between
deoxy and photolyzed myoglobin,
whereas in hemoglobin the frequency
should decrease in going from the photo-
lyzed R-state conformation with an un-
tilted histidine to the deoxy T-state con-
formation with the most tilted histidine.
In addition to the histidine tilt, other
protein degrees of freedom within the
heme-histidine unit can contribute to the
baseline Fe-His bond strength, which
makes interprotein comparisons difficult
to analyze in terms of a single parameter.
For example, differential displacement
of the iron from the heme plane in hemo-
globin and myoglobin could account for
the lower Raman frequency of myoglo-
bin relative to photolyzed R-state hemo-
globin even though both have untilted

histidines. Nonetheless, within the he-
moglobin system, it seems highly plausi-
ble that protein— and ligand-binding—in-
duced modulation of the tilt angle ac-
counts for most of the change in the
Raman frequency between deoxy and
photolyzed species. We conclude from
this first-order analysis that the ordering
of hemoglobin species with respect to
the tilt of the histidine is: deoxy
T > photolyzed T = deoxy R > photo-
lyzed R.

J. M. FRIEDMAN, D. L. ROUSSEAU

M. R. ONDRIAS, R. A. STEPNOSK!
Bell Laboratories,
Murray Hill, New Jersey 07974
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