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ABSTRACT A new spectroscopic technique is presented for obtaining infraredlike spectra of the binding sites of Ca®* and other
metals in biological macromolecules. The technique, based on the Ca?*-like binding properties of Gd®*, utilizes vibronic side bands
(VSB) that appear in Gd** fluorescence. In the fluorescence spectrum of Gd**, the separation in photon frequency' between a VSB
and its electronic origin at ~32,150 cm™' (~311 nm) is a direct measure of the vibrational frequency of a ligand coordinated to
Gd** ion. As a consequence, the VSB are uncomplicated by molecular vibrations distant from the Gd** binding site. The vibrational
spectra resulting from the VSB of Gd** coordinated to a Ca®* binding protein, a phospholipid, and DNA are presented.

INTRODUCTION

The functional and conformational properties of many
biological macromolecules are modulated by site specific
binding of Ca®* ions. Because the Ca’* ion has a closed
outer shell, it cannot be directly probed by traditional
optical or spin resonance spectroscopies (1). Informa-
tion about the local environment of Ca** binding sites
has been obtained by substituting it with spectroscopi-
cally active lanthanide ions, Ln** (1-3; see the Discus-
sion for further references to the use of Ln** ions in
biology). Because of the similarity between the ionic
radii of Ln** and Ca®, many enzymes retain normal
catalytic activity upon replacement of Ca®>* by Ln*,
despite the difference in charge. Such results provide the
basis for making the Ln** studies functionally relevant.
Measurements of the fluorescence yields and lifetimes
of Ln** ions bound to Ca** binding proteins have
provided information on the number of water molecules
at Ca’ binding sites (3, 4), and the number of Ca**
binding sites and their binding constants (1, 3-5). For-
ster energy transfer to or from Ln** ions coordinated to
Ca’* binding sites have yielded information on distances
between binding sites and molecular groups (3, 4). Ln**
ions have been used to induce membrane fusion (6), to
study Ln** binding sites and their binding constants
(7, 8), and to measure electrostatic surface potentials (8)
in lipid membranes.

Though yielding valuable information, the above men-
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'In order to be consistent with standard vibrational spectroscopic
terminology, the term frequency, and the units of wavenumbers
(centimeter™') are used for energy. To convert from cm™ to s7',
multiply by 3 X 10 cm s™'. To convert from cm™' to eV, multiply by
1.25 x 10™*eV cm.

tioned studies do not readily yield either the identity or
structural properties of the molecular groups coordi-
nated to the metal ion. Though Raman and infrared
spectroscopies can, in principal, identify the coordinat-
ing molecules through the use of difference measure-
ments, (spectra versus ion concentration), these tech-
niques are not specific to the metal ion binding sites. In
this work, a new probe of Ca** binding sites in biological
macromolecules is demonstrated for the first time and
evaluated for more widespread application.

It has been known for several decades that, in addi-
tion to sharp 4f — 4f electronic features, (or zero
phonon lines, ZPL), the absorption and luminescence
spectra of certain trivalent lanthanide ions coordinated
with molecular groups show weak vibronic sidebands,
(VSB) (9, 10). VSB, which are a result of short-range,
dipole—dipole interactions that weakly couple the 4f
electronic and ligand vibrational states (11-13), reflect
the vibrational frequencies of the ligands. These VSB
provide an opportunity to measure the vibrational spec-
tra of ligands coordinated to lanthanide ion. The tech-
nique has previously been used as a probe of the local
environment of lanthanide ions in aqueous solutions
(14), organic solvents (15), and glasses (16).

Whereas it has been suggested that the VSB might
provide a structure sensitive probe of metal ion binding
sites in biological systems (11, 14, 15), recent studies
have been unsuccessful because these relatively weak
vibronic features have been obscured by background
luminescence and Raman scattering as well as competi-
tion between strong molecular absorptions by biological
molecules in the UV. We have overcome the above
mentioned difficulties in three major classes of biologi-
cal materials: proteins, lipids, and DNA with a time
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gated detector with a pulsed excitation source. Local
vibrational spectra, that are not congested with contribu-
tions from the vibrations of the solvent or macromolecu-
lar material outside the immediate environment of the
lanthanide ion have been determined directly.

It has been shown (5, 17-19) that changes in the local
environment surrounding lanthanide ions result in shifts
in the electronic absorption and emission spectra. This
sensitivity raises the prospect of combining site selectiv-
ity with the VSB technique. Such shifts in the electronic
spectrum make it possible to preferentially excite lan-
thanides at distinct binding sites. Such site selectivity,
when combined with VSB spectroscopy, makes it possi-
ble to measure the vibrational spectra of distinct binding
sites. The ability to measure a vibrational spectrum
localized to the neighborhood of a specific ion is remini-
cent of resonance Raman techniques (20) which have
proved extremely useful for measuring localized vibra-
tional spectra in complicated biological systems. The
combination of a local vibrational spectroscopy with site
selectivity makes the VSB technique a promising probe
of complex biological structures.

Gd’* has several characteristics that make it best
suited for the luminescence studies of vibronic side-
bands that we report here. The energy gap ~32,100
cm™ (21), between the lowest electronically excited
state, °P,,, above the ground state, °S,,, minimizes the
nonradiative quenching of luminescence (22). Because
Gd> has no electronic energy levels between the °S,,
and the °P,, states, the luminescence due to the °P,, —
’S,, ZPL gives rise to an isolated electronic origin for the
VSB. The VSB spectra of Tb**, on the other hand, is
complicated by the existance of multiple electronic
energy levels in close proximity to the ground state (11).
Last, the excited state has a long lifetime, ~2 ms in
aqueous solution (22), that permits effective discrimina-
tion against interferring luminescence and Raman pro-
cesses with sensitive gate detectors (14) and provides a
temporal window to probe dynamical processes that
occur over time scales that are long compared to most
fluorescent probes.

SAMPLES

The gadolinium used in these experiments was 99.999%
pure GdCl,-6H,0 salt purchased from Aldrich Chemical
Co. (Milwaukee, WI). Doubly distilled H,O was used.
For hydrated Gd’*, (5 mM), GdCl,-6H,0 was dissolved
in H,0. Isatopically dilute HDO (3 M HDO in D,0) was
prepared by dissolving 0.5 M GdCl,-6H,0 in >99.99%
pure D,0 (Aldrich Chemical Co.). Ethylenediaminetet-
raacetic acid (EDTA) (99.5% pure from Aldrich Chem-

ical Co.), was dissolved in H,0 with Gd**, buffered to pH
8 with Tris-HCl. Rabbit muscle parvalbumin (RMPA)
(mol wt ~12,000) (23) was used as a representative
calcium binding protein. RMPA was purchased from
Sigma Chemical Co. (St Louis, MO). RMPA was dis-
solved in H,0 with GdCl,;-6H,0. The sample was then
centrifuged through a 3,000 mol wt cutoff Centricon
filter (Amicon Division of W. R. Grace and Co.-Conn.,
Danvers, MA) to a final concentration of 1 mM RMPA.
The lipid dioleoylphosphatidylcholine (DOPC) was pur-
chased from Avanti Polar Lipids, Inc. (Pelham, AL). A
dried film of DOPC with GD** in a one-to-one ratio was
prepared by dissolving GdCl,-6H,O in a solution of
DOPC. Chloroform and methanol were added and the
sample was placed on a quartz window to dry overnight.
The effective concentration of Gd** was ~0.4 M. The
dried film was then sealed with a second window.
Calf-thymus DNA and the synthetic DNA poly[d(A-T)],
were purchased from Sigma Chemical Co. The DNA
and Gd** were dissolved in water at low concentrations
of both, and concentrated using a 30 K mol wt Centricon
cutoff filter from Amicon Division of W. R. Grace and
Co.-Conn. In the cases where the samples precipitated
out of solution, the precipitate was loaded in the sample
cell and some of the solution was added for thermal
dissipation of the laser energy.

EXPERIMENTAL METHODS

For all spectra the excitation source was the frequency
doubled light from an excimer pumped (EMG 101)
tunable dye laser (FL 2002) from Lambda Physik (Gotin-
gen, FRG). The energy of the predoubled light was ~ 3
mlJ per pulse and the laser repetition rate was 10 Hz. An
Inrad autotracker II with a KDP doubling crystal was
used to double the frequency of the output from the dye
laser into the 32,150 cm™ frequency range (~311 nm)
for direct excitation of the lowest fluorescent energy
level of Gd**, °P,, (16, 21) (Fig. 1). The UV excitation
energy was ~0.3 mJ per pulse. This light was focused
onto the front surface of the 1 mm thick samples that
were loaded into a continuous flow dewar (R. G. Hansen
and Associates, Santa Barbara, CA) for temperature

857/2 6"7/2
v (32,100cm™) —————
v(OH) vy ¥ (OHI——~
[e—— v2(OH) —-I-—y. = V2(OH) ————————»

FIGURE1 Simplified energy level diagram of hydrated Gd**. See
Results for a detailed explanation.
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control. The temperature of 80°K was used to help
minimize nonradiative quenching of Gd** fluorescence.
The back scattered light was collected with lenses and
focused onto the entrance slit of a 1 M double spectrom-
eter (U1000: Instruments SA, Metuchen, NJ). The light
was dispersed by either 150 or 600 g/mm gratings. The
dispersed light was detected by an intensified optical
multichannel analyzer (OMA) (IRY OMA from Prince-
ton Instruments; 1024 diodes, ~ 500 of which are inten-
sified). The OMA was controlled with an ST-1000
controller (Princeton Instruments). Interference from
Raman and fast fluorescence signals from the samples
were eliminated by electronically gating the detector,
i.e., turning the gain of the detector off until 5 s (delay
time, 7,) after each excitation pulse. In all cases, the
detector remained intensified for the following 6 ms
(window time, 7,). Thus, all photons within the 5 ps—6
ms window after the excitation pulse were collected. For
the ZPL, the monochrometer slits were <20 wm and the
accumulation times were 10 s. For the VSB, the mono-
chrometer slits were <420 pm and the accumulation
times were between 120 and 900 s. The spectrometer
was calibrated using the lines from a mercury lamp. The
excitation source was then calibrated using the spectrom-
eter. The dispersion of the spectrometer at ~32,150
cm™' is 8.24 and 2.06 cm™' per diode using 150 and 600
g/mm gratings. The resolution of the detector is ~6
diodes (full widths at half maximum [fwhm]) or 50 and
12 cm™ for the 150 and 600 g/mm gratings, respectively.

RESULTS AND ASSIGNMENTS
Vibronic sidebands, VSB

Fig. 1 shows a simplified energy level diagram of the
ground and lowest-lying electronic excited state of Gd**
with the vibrational frequencies of coordinated H,O
molecules (14, 16, 21, 23). This figure corresponds to the
fluorescence emission spectrum shown in Fig. 2 a.The
lowest excited fluorescent level of Gd**,°P,,, can be
populated either by direct excitation (16) or by indirect
excitation of the higher energy °I; levels (14, 21) which
nonradiatively decay to the °P,, level. Though the °I,
bands (21) have significantly larger absorption cross-
sections, their excitation frequency of ~36,360 cm™
(275 nm) coincides with strongly absorbing energy levels
of the amino acids tyrosine and tryptophan and the base
pairs of DNA. The fluorescence associated with the
P,, — ®S,, ZPL of hydrated Gd** in water has a
frequency, v,,, peaked at ~32,125 cm™', with a fwhm of
~100 cm™. The ZPL and VSB in Fig. 2 a are plotted in
photon intensity (arbitrary units) versus frequency shift
from v,,. Approximately 1% of the luminescing Gd**
ions decay to a vibronic state in which the lanthanide ion
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FIGURE2 Fluorescence spectra of Gd** in four different coordinat-
ing environments. The data are all plotted in counts (arbitrary units)
versus shift frequency as described in the text. (¢) 0.5 M Gd** in H,0 at
80°K, v,,. = 32,125 cm™. (b) 5 mM Gd** and 5 mM EDTA in H,0 at
80°K, v, = 32,020 cm™. (c) 1 mM Gd** and 0.5 mM RMPA in H,0 at
80°K, v,,. = 32,075 cm™. (d) ~0.4 M Gd** in a dried film of DOPC at
16°K, v,,. = 32,075 cm™'. The gratings used are 150 g/mm for a and b
and 600 g/mm for ¢ and d. The peaks at zero shift frequency for b-d are
accumulations for 10 s with the entrance slit to the monochrometer
open <10 um. Accumulation times for the remainder of b—d are 300 s
with the entrance slit open 400, 400, and 100 pm, respectively.

is in its electronic ground state but in which the ligand is
in a vibrationally excited state. These transitions result
in a decrease in frequency of the emitted photons by the
vibrational frequency of the coordinated H,0 molecules.
The relative intensity of a given VSB is, to first order,
proportional to its infrared (IR) active dipole moment
(11, 24).? Because the VSB originate from dipole—dipole
interactions between the Gd** ion and the coordinated
molecules, the VSB transition probability falls off as R 5,
where R is the separation between the Gd** and the
ligand. Thus, the VSB primarily reflect the vibrational
levels of the molecules immediately coordinated to the
Gd*.

H,O; hydration layer

The shift frequencies of ~3,285 and ~1,645 cm™,
respectively, represent the excitation of the OH stretch
frequency, v(OH), and the bending mode, v,(OH), of
waters coordinated to Gd** (14, 25, 26). The high resolu-
tion spectrum of hydrated Gd** at 80°K reveals that
v(OH) is composed of two peaks, one at 3,185 cm™ and
another at 3,325 cm™'. We assign them as the symmetric,

*This result uses several approximations which include ignoring the
relative orientations of the Ln** and its coordinated molecules as well
as neglecting any stark splitting of the j levels.
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v,(OH), and antisymmetric, v,(OH), stretching modes of
water, respectively. This assignment, though, is compli-
cated by possible fermi resonance with 2v,(OH) and
v,(OH) (26). These bands are crudely fit by two lorent-
zians with equal fwhm of ~180 cm™. The relative
intensity of the v(OH) and v,(OH) bands change as the
laser is tuned across the °P,, band, with v(OH) being
preferentially enhanced with red edge excitations. The
positions and widths are insensitive to v,,.. The spectrum
of 3 M HDO in D,0 yields a single peak for v(OH)
centered at ~ 3,305 cm™! with a fwhm of ~240 cm™.

EDTA: organic metal chelator

The peak v,,, for Gd* coordinated to EDTA is ~32,020
cm™' with a fwhm ~60 cm™. The VSB spectra of Gd**
coordinated to EDTA in H,O, Figs.2b and 3 a, show
two main peaks at shift frequencies of 1,425 and 1,600
cm™' with fwhm ~90 cm™. These bands are assigned as
the symmetric and antisymmetric carbonyl stretches,
v,(CO) and v,(CO) (15, 17,27, 30). The shapes, posi-
tions, and relative intensities of the v (CO) and the
v,(CO) VSB from Gd** bound to EDTA are insensitive
to v,,., and are unaffected when introduced into samples

VSB INTENSITY (arbitrary units)
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FIGURE3 VSB fluorescent spectra of Gd** for the v(OH) region in
five different coordinating environments. 600 g/mm gratings, an
entrance slit of 400 microns, a delay time of 5 ps, a window time of 6
ms, and an accumulation time of 300 s are used in all cases. (¢) 5 mM
Gd** and 15 mM EDTA dissolved in H,O at 80°K, v_,. = 32,050 cm™};
(b) 1 mM Gd** and 0.5 mM RMPA dissolved in H,0, v, = 32,075
cm™; (c) dried film of 0.4 M Gd** and 0.4 M DOPC (see Fig. 2) at
16°K, v,,. = 32,075 cm™"; (d) 5 mM Gd** dissolved in H,0, 80°K, v, =
32,075 cm™; () 0.5 M GdCl, - 6H,0 dissolved in D,0, (5.5% HDO by
mole) v,,. = 32,075 cm™.

containing DNA or RMPA. Three peaks with much
weaker intensities are measured at 980, 2,940, and 3,370
cm™. Using deuterated water as the solvent shifts the
3,370 cm™ band to ~2,465 cm™' while not significantly
altering the other bands. The D,O insensitive 2,940 cm ™!
band is therefore attributed to v(CH) (28, 29), and the
3,370 cm™" band is assigned to v(OH).

RMPA: calcium binding protein

The ZPL of Gd** coordinated to RMPA is peaked at
~32,075 cm™! and has a fwhm of ~100 cm™'. The VSB
spectra of 1 mM Gd** and 0.5 mM RMPA dissolved in
H,O are shown in Figs. 2 c and 3d . The peak at ~1,570
cm™ and the shoulder at ~1,460 cm™ are respectively
assigned to v(CO) and v,(CO) from carbonyls. The
shapes, positions, and relative intensities of the v,(CO)
and v,(CO) bands are insensitive to v,,.. The peak at the
shift frequency of ~3,280 cm™ with a fwhm of ~ 400
cm™ is assigned to v(OH). The peak intensity and
integrated area of the v(OH) VSB are, respectively, 0.5
and 2.5 times those of the v (CO) VSB. With a v
~32,125 cm™', which is near the peak of the ZPL for
fully hydrated Gd**, the intensity of both the v(OH) and
the v(CO) VSB of the Gd** RMPA complex are de-
creased to ~60% of their intensities when v, is at
~32,075 cm™". The shape, position, and relative inten-
sity of the v(CO) bands remain essentially unchanged
with variation in v, ; however, the v(OH) band does
change line shape with a change in v,,. This spectral
change is characterized as a loss in relative intensity on
the high shift frequency end of the v(OH) spectral
envelope when v,, is shifted to the blue. The peak
position of v(OH) shifts to ~3,200 cm™' and the width
narrows by ~80 cm™'. The bulk of the v(OH) band
intensity closely follows that of the v(CO) band with
changes in v,,.. When the Gd** to RMPA concentration
is doubled, the intensity of the v(OH) band increases to
the level of the 1,570 cm™ band. Furthermore, the
position and shape of the v(OH) band now resembles
that of fully hydrated Gd**, including the presence of
v,(OH) and v,(OH). A band with a significantly weaker
intensity is measured at ~ 2,945 cm™', which we assign to
v,(CH) (28).

DOPC: phospholipid

Figs. 2d, 3 ¢, 4 a, and 5 b show the VSB spectra of Gd**
in a dried film of DOPC at 16°K excited at the peak of
the ZPL with v, ~32,050 cm™'. The peaks at shift
frequencies of ~1,080 and ~1,200 cm™ correspond
closely to the symmetric (v,[PO] ~ 1,090 + 25 cm™) and
anti-symmetric (v,[PO] ~ 1,230 = 10 cm™) PO stretches
of phosphates in lipids measured by IR absorption (29,
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FIGURE4 VSB fluorescence emission spectra of ~0.4 M Gd** in a
dried film of the lipid DOPC at 16°’K with v,,, ~31,950cm™ (@) and v,,,
~32,050 cm™ (b). The spectra are plotted in arbitrary intensity units
versus frequency shift from the average frequency of the correspond-
ing ZPL. The time window is from 5 ps to 6 ms after the excitation
pulses. The relative intensity of the peak of the VSB in a to that of b is
one to three. The VSB having peaks at ~2,960 and ~3,200 cm™,
respectively, correspond to v(CH) and v(OH).

30). In contrast, the fluorescence spectrum of inorganic
phosphate buffer yields a single peak with a shift
frequency of ~1,060 cm™', which corresponds to the
peak at ~1,177 cm™ for v(PO), measured with IR
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FIGURE5 VSB fluorescence emission spectra for v(PO) ~1,080
cm™ and v,(PO) ~1,200 cm™ of ~0.4 M Gd* in a dried film of the
lipid DOPC at 300°K with v, ~31,950 cm™' (the spectral shape is
independent of v,,)) (a), at 16°’K with v, ~31,950 cm™* (b) and at 16°K
with v, ~32,050 cm™ (c). The VSB spectra are plotted in arbitrary
intensity units versus frequency shift from the average frequency of the
corresponding ZPL. The time window is from 5 ps to 6 ms after the
excitation pulse. The relative intensity at 16°K of the v(PO) VSB is
three (b) to one (¢).

absorption (30). The weak peaks at ~2,970 and ~ 3,200
cm™ are from v(CH) (28, 29) and v(OH), respectively.
The shape of v(OH) is essentially that of fully hydrated
Gd** and has an intensity ~10-20 times weaker than
that of the PO VSB. When v,_ is shifted to the red edge
of the °P,, level, (v, ~31,950 cm '), the v(OH) band
disappears while the v(CH) band is clearly visible
(Fig. 4 b). Also, the relative intensity of the v,(PO) band
to the v(PO) band decreases from 1:1 with v, ~ 32,050
cm™ (Fig. 5 b) to 1:1.5 with v, ~31,950 cm™ (Fig. 5 ¢).
The intensity of the v(PO) and v(CH) VSB both
decrease by about a factor of ~3 when v,,, is changed
from ~ 32,050 to ~31,950 cm™'. The pronounced varia-
tion in v, persisted to ~250°K for the Dried DOPC
film. At 300°K, a single envelope for the v(PO) VSB is
observed (Fig.5a) and the marked variation in line
shape with different v,_ is lost.

Calf-thymus DNA

In marked contrast to the above systems, Gd** coordi-
nated to DNA at room temperature does not yield
observable VSB, and the ZPL is barely detectable. This
effect is due to the strong absorption of UV light by the
base pairs (31).> The UV absorption bands of the DNA,
which are centered at 285 nm and below, narrow at
cryogenic temperatures, causing their absorption at
~311 nm and 80°K to become weaker than that of Gd**
(31).2 Under these conditions the VSB are detectable.
The most dominant VSB is associated with v(OH) (not
shown). The positions, relative intensities, and excita-
tion profile of the v(OH) and v,(OH) VSB are essen-
tially the same as for fully hydrated Gd**. The other VSB
are a factor of 10 weaker in intensity. Excitation at the
peak of the ZPL (v, = ~32,075 cm™) results in five
VSB between 900 and 2,000 cm ™ (Fig. 6 a). The band at
~1,650 cm™ is associated with v,(OH). The bands at
~1,100-1,150 and ~1,240 cm™ are respectively as-
signed to v,(PO) and v,(PO) (32). Two other bands are
observed at ~ 1,350 and ~ 1,460 cm™ which could be
associated with Gd** coordinated either to the buffer or

*Though the peak absorbance of DNA (~275 nm) is far from the
°P,, — *S,, transition in Gd** (~311 nm), the absorptivity of the base
pairs of DNA are ~ 10* times larger than is the absorptivity of the rare
earths 4f—4f transitions. For example, in a neutral aqueous solution at
room temperature, cytidine has an absorption peak ~271 nm, an
absorptivity of ~9,000 M™' cm™, and a fwhm of ~25 nm. Assuming a
gaussian band shape for the wavelength dependence of the absorption
band, the absorptivity of citidine at 311 nm would be: 9,000
exp [-(311 — 271)¥/18%] or ~9,000 e™* ~65 M~' cm™". The electronic
transitions of Gd** are of the order of 1 M™' cm™. If the DNA
absorption bands narrow by a factor of 0.73 to ~ 18 nm fwhm, then the
absorption at 311 nm will decrease to ~1 M™' cm™, and will be of the
same order as the absorption by the Gd**.
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FIGURE6 The VSB spectra of ~0.5 mM Gd’* coordinated to
calf-thymus DNA in H,0 at 80°K after narrow band excitations at
32,075 cm™ (@) and 32,125 cm™ (b). The VSB spectra are plotted in
arbitrary intensity units versus frequency shift from the average
frequency of the corresponding ZPL. The time window is from 5 ps to
6 ms after the excitation pulse. The relative intensity of both the
~1,240 cm™ VSB and the ZPL in a compared tobis ~1.5to 1.

to other portions of the DNA. Preliminary results with
the synthetic DNAs poly(dA)-poly(dT) and poly[d(A-
T)] indicate that these bands may not only be associated
with the DNA but also could be sequence dependent.
Excitation to the red edge of the ZPL (v, = 32,125
cm™) results in a slight decrease in the intensity of the
v(PO) and v,(PO) VSB, whereas the other bands,
including v(OH), decrease significantly (Fig. 6 b). When
the DNA precipitates out of solution due to its coordina-
tion to Gd**, the intensity of the v(PO) and v(OH) VSB
are of approximately equal intensities for v, ~32,125
cm™}, and the v(PO) VSB dominate the VSB spectra for
all v,,.. The intensity ratio of the v(OH) to the v,(OH)
modes deviates slightly and the peak position for v(OH)
shifts slightly (—20 cm™) to lower shift frequency from
that of fully hydrated Gd**. These deviations from the
v(OH) spectrum of fully hydrated Gd’* are minor
compared to those observed for the v(OH) bands of
Gd** coordinated to EDTA or RMPA. The excitation
profile for the VSB essentially follows that observed for
calf-thymus DNA (vide supra).

DISCUSSION
H,O; hydration layer

The nature of water in biological systems is of consider-
able interest and has been studied using IR spectroscopy
of dehydrated films (33). VSB spectroscopy, though,
yields information on the vibrational spectra of water

molecules directly coordinated to the Gd** ion. To
compare the v(OH) VSB spectra from different systems,
the structure of the OH VSB for fully hydrated Gd** is
taken as a reference. Because fully hydrated Gd** has
nine waters in its first coordination sphere (3, 34), it
serves as a minihydration layer. As stated earlier, the
two peaks at 3,185 and 3,325 cm™ are assigned as
v(OH) and v,(OH). Though the peak position and the
width of the v(OH) VSB contain valuable information,
the assignment and interpretation of the v(OH) VSB is
complicated by possible Fermi resonance of 2v,(OH)
with v,(OH), strong intermolecular and intramolecular
coupling (26), and disorder in the O-H stretching force
constants (14, 35, 36). Isotopically dilute OH oscillators,
v,(OH), (i.e., small fraction of HDO in H,0) are
dynamically decoupled from their neighbors and there-
fore allow for a simpler v(OH) spectrum.

A previous comparison (14) of the VSB and IR
spectra of v, (OH) at room temperature was made using
isotopically dilute OH oscillators in D,0. This study
showed that the VSB peak at ~3,315 cm™ is ~85 cm™!
lower and the fwhm of ~335 cm™ is ~1.5x broader
than the peak and fwhm of the IR spectrum of the bulk
water. The increase in the width and the decrease in the
peak position of the VSB compared to the IR spectrum,
respectively, indicate that the hydrogen bonds between
waters of the first and second hydration layers have a
broader distribution and are on the average stronger
than is the case for the hydrogen bonds between waters
of the bulk liquid (14, 35, 36). The VSB spectrum of
isotopically dilute OH oscillators (i.e., 3 M HDO in
D,0) measured at 80°K in this paper has a peak position
of ~3,305 cm™ and a fwhm of 240 cm™!. These values of
v,.(OH) for hydrated OH oscillators are similar to those
of vitreous ice (28) where v, (OH) ~3,310 cm™ with a
fwhm of ~260 cm™. Ice I (25) at ~80°K has a peak
position for v, (OH) of ~3,277 cm™ and a fwhm of
~120 cm™. The waters surrounding the Gd** ions thus
form an amorphous hydration layer with hydrogen bond
characteristics similar to those of vitreous ice. The
hydrogen bond strengths of the water molecules in the
hydration layer of Gd** are weaker than those of the
surrounding ice, and have a larger distribution in bond
strengths.

EDTA: organic metal chelator

EDTA is used here as a model Ca** binding system
because it has a high binding constant, log (K) ~ 17.4 for
Gd*, and it has well characterized interactions with
lanthanides (34). A single EDTA ion can contribute up
to six coordination bonds with a metal ion; these bonds
include two nitrogen and four oxygen bonds. Further-
more, three to four water molecules are expected to be
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coordinated the Gd** (3,34). The large intensity of
v(CO) VSB compared to the v(OH) VSB and the
difference in spectral shape of the v(OH) VSB from that
of fully hydrated Gd’* indicates that the Gd** is bound
to the EDTA molecule. The factor of approximately
four in the integrated area of the v(CO) VSB over the
v(OH) VSB indicates that the CO dipole moment is
considerably stronger than the OH dipole of the coordi-
nated H,0 molecules. The center of the v(OH) band at
80°K is ~ 85 cm™ higher for waters coordinated to Gd**
bound to EDTA (~3,370 cm™") than for waters of the
fully hydrated Gd** complex (~ 3,285 cm™). This in-
crease in the position of v(OH) indicates that hydrogen
bonds between water in the first and the second hydra-
tion layer of Gd** are longer and weaker in the
Gd**-EDTA'H,0, complex than in the fully hydrated
Gd** complex. The low intensity of the v(CH) band is
due to the fact that the CH residues in EDTA are one
coordination-distance more remote from Gd** than are
the carbonyls and waters.

RMPA: calcium binding protein

Parvalbumins are representative of the Kretsinger EF-
hand class of Ca®* binding proteins (37, 38). These
proteins have two tight Ca** binding sites, one in the EF
and another in the CD domain, respectively, having five
and six protein donated oxygen-containing ligands coor-
dinated to the Ca’* ion (3,37-39). X-Ray crystallo-
graphic studies suggest that the CD domain is not
accessible to the solvent whereas the EF domain is, and
probably has one coordinated water (3,40). A Eu™*
fluorescent study (41) on carp parvalbumin indicates
that the number of waters coordinated to a metal ion is
one to two in the EF domain and zero to one with a
serine hydroxyl group at the CD domain. At both sites,
one coordinated water is given as the most likely
number. The results from the present Gd** VSB study
indicate that future VSB titration studies should provide
the necessary detail to discriminate between conflicting
claims regarding the number of coordinated water
molecules at each site.

The assignment of the peaks at 1,570 and 1,460 cm™!
to v,(CO) and v,(CO) from carbonyls is in agreement
with x-ray structures of parvalbumins (3, 37-40). The
large difference in the spectral shape, the absolute
position, and the excitation profile of the VSB of Gd**
coordinated to RMPA compared to Gd** coordinated to
EDTA indicate that the Gd’* environments are dis-
tinctly different for these molecules. The increased ratio
of intensity of the v(OH) VSB to the v(CO) VSB when
the Gd** to RMPA ratio is increased beyond two to one
indicates that RMPA has at most two tight binding sites
for Gd®*. The fact that the shape of v(CO) remains

essentially unchanged whereas the shape and position of
v(OH) resemble that of fully hydrated Gd** support this
interpretation. Because the shape and position of the
v(CO) bands are relatively insensitive to v, the two
sites must be similar. These conclusions are in agree-
ment with H-NMR (42) and Eu’* fluorescence (41, 43)
studies of other parvalbumins that reveal at most two
tight binding sites for Ln** with similar binding con-
stants. The low intensity of the v(CH) band, 2,945 cm™,
can be attributed to the fact that CH groups are not
directly coordinated to the Gd**.

The peak at ~3,280 cm™' is due to v(OH). Because
NH groups are not likely to coordinate to Gd**, the
v(OH) VSB is not complicated by interference from
v(NH) as in the case of IR spectra of proteins (33). The
shape and position of the v(OH) VSB is clearly distinct
from fully hydrated Gd**, indicating that the primary
source of the v(OH) VSB is from Gd** coordinated to
the protein. The broadness of the band relative to that
observed for fully hydrated Gd’* indicates a larger
inhomogeneity in OH bond strengths (14, 25, 35, 36).
This large inhomogeneity is not unexpected in proteins
and has been observed in low temperature studies of
heme proteins (44, 45) and in the Ca®* binding protein
Calmodulin (46). Furthermore, a significant portion of
the v(OH) VSB has a larger shift frequency than for
fully hydrated Gd**. Because the bulk of the v(OH) VSB
intensity tracks the intensity of the v(CO) VSB with
changes in v,,, rather than the excitation profile of
v(OH) for fully hydrated Gd**, the associated waters are
in the same environment as the coordinated CO mole-
cules. As in the case of water coordinated to Gd** that is
bound to EDTA, water coordinated to Gd** on the
interior of the protein is expected to have an increase in
the position of v(OH) due to a disruption of the
hydrogen bonding with other waters. The portion of the
v(OH) VSB on the high-frequency end of the band may
also be due to a protein hydroxyl at one of the binding
sites (3, 41). Because we have not acquired data for a
Gd** to protein ratio of less than two-to-one, the v(OH)
signals may contain a small contribution from fully
hydrated Gd**.

DOPC: phospholipid

Cations have been shown to bind to neutral phosphati-
dylecholines, and the coordination sites have been
inferred to be to the negatively charged oxygen atoms of
the phosphates (7, 8, 47, 48). Fluorescence studies (18,
47, 48) of Ln’* ions coordinated to phosphatidylcholine
vesicles reveal two classes of Ln’* binding sites. The
populations of the two Ln** - lipid coordination struc-
tures vary above and below the liquid-crystalline phase
transition temperature, 7.. Above T,, only the weak
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binding site is observed. This site, which is in rapid
equilibrium with fully hydrated Ln**, has only one or two
waters removed from the fully hydrated Ln** ion. It is
suggested that the Ln** is coordinated to the negatively
charged oxygen of a single phosphate moiety. Below T,
the population of the weak binding site decreases
substantially, while a new tight binding site appears. The
Ln’* at the tight binding site is more dehydrated, having
one, or at most two, water molecules coordinated to it. It
is suggested that for these sites the Ln** is coordinated
to two neighboring phosphates.

The VSB spectra measured in this paper yield direct
information on Ln** coordination sites in phosphatidyl-
cholines. The intense v(PO) VSB show that the predom-
inant Ln’* ligand is the phosphate of the lipid head
group. The relative intensities of the symmetric to the
antisymmetric vibrations are known (29, 30, 49) to be
altered by the symmetry and coordination structure of
the molecular environment. The dramatic difference in
the relative intensity of the v,(PO) to the v,(PO) VSB
with changes in v,,. measured at cryogenic temperatures
(up to 250°K) indicates that the Gd** ion which is
coordinated to the phosphates of DOPC can be in at
least two different phosphate environments below T..
The similarity in the shape and position of v(OH) with
that of fully hydrated Gd’* with v, near the peak of the
ZPL indicates that either the v(OH) VSB is from fully
hydrated Gd** or that the phosphate environment of the
lipid does not significantly disrupt the hydrogen bonding
of the waters in the Gd***-DOPC-H,0, complex. The
disappearance of the v(OH) band with red edge excita-
tion of the ZPL indicates that the sites excited with these
frequencies are relatively dehydrated. This dehydrated
environment might correspond to the tight binding
structure. At cryogenic temperatures, the environment
of a Gd’* ion cannot fluctuate within the fluorescence
time scale. Thus, the different binding sites can be
preferentially excited. The disappearance of site selectiv-
ity at 300°K indicates that the Gd** is in rapid exchange
(submillisecond exchange rates) between the two phos-
phate environments, and the ensemble average of the
Gd’* environments is probed.

Calf-thymus DNA

The presence of the v(PO) band in the VSB spectra of
Gd** coordinated to DNA indicates that Gd** is coordi-
nated to the phosphates of the DNA, as is expected from
electrostatic arguments. The increase in intensity of the
v(PO) VSB when the Gd***‘DNA complex precipitates
out of solution indicates that it is the coordination of the
trivalent ion to the phosphates that causes the precipita-
tion. A titration study by Yonuschot et al. (50) of the
precipitate of Tb** coordinated to calf-thymus DNA

showed that one Tb** per phosphate group coordinates
to the DNA. If each Gd** coordinates to a single
phosphate group, then multiple waters should also be
coordinated to the Gd**, which could explain the large
intensity of the v(OH) VSB seen in the precipitate. The
large difference in the intensity of the v(OH) and the
v(PO) VSB with different v, though, indicates that at
least two Gd’* coordination structures exist which have
different amounts of coordinated phosphates and wa-
ters. One possible environment is fully hydrated Gd**.
Another possibility is the existance of different com-
plexes having either a 1:1 or a 1:2 Gd** to phosphate
coordination number. The temperature difference in
our study from that of Yonushot et al. (50) could allow
for the existence of a coordination structure other than
the 1:1 Gd** to phosphate observed by Yonuschot et al.
(50). The change in the intensity ratio of the v, (OH)
VSB to the v,(OH) VSB observed in the precipitate
compared to fully hydrated Gd** indicates that a signifi-
cant fraction of the v(OH) VSB observed in the DNA
precipitate are from waters coordinated to the Gd**-DNA
complex rather than from waters of fully hydrated Gd**.
The similarity in the position ( <25 cm™ shift) and width
(essentially identical) of the v(OH) VSB spectra for the
waters coordinated to the Gd’**DNA complex with
those of fully hydrated Gd** is consistant with IR studies
of DNA (33, 51) that indicate that water coordinated to
DNA has a broad distribution of OH bond strengths,
and does not crystallize upon cooling to cryogenic
temperatures.

X-Ray studies of DNA indicate that metal ions can
coordinate to carbonyls in the major or minor grooves
under the appropriate electrostatic and stereochemical
conditions (52). The 1,350 and 1,460 cm™' bands might
be from Gd’* coordinated to molecular groups other
than phosphates. Weak bands at these positions are
observed in IR studies (32) and are expected to be from
NH or CH in-plane deformation vibrations in the base
residues. The weakness of these bands in the VSB
spectra, though, does not yield compelling evidence for a
significant fraction of the Gd** ions being coordinated to
molecular groups other than phosphates or waters. The
strong IR active C = O vibrations between ~ 1,600 and
1,700 cm™ are not observed to any significant degree in
our Gd** VSB studies.

CONCLUSION

The results presented in this article show that the VSB
fluorescence of Gd** coordinated to biomolecules can be
used for determining structural information localized to
the metal ion’s coordination sites. We have directly
measured site specific vibrational spectra for molecular

Iben et al.

Gd** Vibronic Side Band Spectroscopy 1047



ligands coordinated to Gd** in a Ca®* binding protein, a
lipid head group, an organic metal chelator, and DNA.
These data are not obscured by the rich infrared spectra
of these samples. Instead, they reflect the vibrational
frequency of molecular groups in the immediate environ-
ment about the Gd**. This feature is due to: the
fluorescence being in the UV, the VSB phenomenon
resulting from a short-range force, and the ability to
remove Raman signals by the gating technique. The
combination of the long excited state lifetime for Gd**,
and the site specificity of the VSB via changes in v,
allow for the determination of localized structure and
dynamics within complex systems containing multiple
Ca™ binding sites. This paper represents the first at-
tempt at determining the capabilities of this new tech-
nique for use in biological samples.
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