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Abstract 

We recently developed a single photon radioluminescence (SPR) technique to measure submicroscopic distances in 
biological samples [Bicknese et al., and Shahrokh et al., Biophys. J., 63 (1992) 1256-12791. SPR arises from the excitation 
of a fluorophore by the energy deposited from a slowing beta decay electron. The purpose of this study was to detect ‘Hz0 
molecules near tryptophan residues in proteins by tryptophan SPR. To detect small SPR signals, a sample compartment with 
reflective ellipsoidal optics was constructed, and amplified signals from a cooled photomultiplier were resolved by 
pulse-height analysis. A Monte Carlo calculation was carried out to quantify the relationship between SPR signal and 
3HzO-tryptophan proximity. Measurements of tryptophan SPR were made on aqueous tryptophan: dissolved melittin 
(containing a single tryptophan); native and denatured aldolase; dissolved aldolase, monellin, and human serum albumin: and 
the integral membrane proteins CHIP28 (containing a putative aqueous pore) and MIP26 using ‘Ha0 or the aqueous-phase 
probe “H-30methylglucose (OMGJ. After subtraction of a Bremsstrahlung background signal, the SPR signal from 
aqueous tryptophan (cps PCi-’ pmol-’ + SE) was 8.6 + 0.2 with “Hz0 and 7.8 + 0.3 with “HOMG (n = 8). With ‘H,O 
as donor, the SPR signal (cps PCi- ’ Frnol~ ’ ) was 9.0 f 0.3 for monomeric melittin in low salt (tryptophan exposed) and 
4.6 f 0.8 (n = 9) for tetrameric melittin in high salt (tryptophans buried away from aqueous solution). The ratio of SPR 
signal obtained for aldolase under denaturing conditions of 8 M urea (fluorophores exposed) versus non-denaturing buffer 
(fluorophores buried) was 1.53 k 0.07 (n = 6). Ratios of SPR signals normalized to fluorescence intensities for monellin, 
aldolase. and human serum albumin, relative to that for d-tryptophan, were 1.4 2. 1.09, and 1.04, indicating that the 
cross-section for excitation of fluorophores in proteins is greater than that for tryptophan in solution. For the CHIP28 and 
MIP26 proteins in membranes, the ratio of SPR signal obtained with 3H,0 versus ‘HOMG was 1.35 f 0.13 (CHIP~~, 
n = 5) and 0.99 + 0.02 (MIP26). These data are consistent with the existence of an aqueous channel through CHIP28 that 
excludes small solutes. We conclude that tryptophan radioluminescence in proteins is measurable and provides unique 
information about the presence of local aqueous compartments. 
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1. Introduction 

* Corresponding author. 

The accessibility of water to tryptophan residues 
in soluble and integral membrane proteins provides 
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information about protein structure. The environment 
and location of tryptophans in proteins have been 
studied by several biophysical methods which are 
based on measurement of intrinsic tryptophan fluo- 
rescence. The polarity of the tryptophan environment 
has been examined by fluorescence emission spectra 
and the accessibility of aqueous-phase quenchers 
such as iodide and acrylamide [3,4]; the location of 
tryptophans in membrane proteins has been deter- 
mined by fluorescence resonance energy transfer 
(RET) using acceptor molecules that reside at spe- 
cific depths in the bilayer [5,6]. Probe molecules, 
such as fluorescence quenchers and energy transfer 
acceptors, provide indirect data about the proximity 
of water molecules to tryptophan residues. Probes 
may perturb protein structure and be excluded from 
certain aqueous domains because of their size or 
charge. 

We report here a novel biophysical approach to 
determine the proximity of tritiated water molecules 
to tryptophan residues in proteins based on single 
photon radioluminescence (SPR). Because the access 
of water molecules to tryptophans is measured di- 
rectly, soluble or membrane proteins can be studied 
in native conformation without the perturbation or 
uncertainties introduced by exogenous probes. SPR 
utilizes the energy deposited by beta decay in the 
vicinity of a fluorophore to excite an &,-to-S, transi- 
tion which produces conventional visible or UV 
fluorescence upon radiative de-excitation [ 11. The 
probability of fluorophore excitation is a function of 
the distance between the radioactive ‘donor’ and 
fluorescent ‘acceptor’, as well as fluorophore molar 
absorbance, and under some conditions, fluorophore 
environment. Fluorophore emission depends on 
quantum yield and the other factors that apply in 
conventional fluorescence spectroscopy. The rela- 
tionship between fluorophore excitation efficiency 
and donor-acceptor decay in SPR is very different 
than that in RET and can be exploited to measure 
long distances (lo-100 nm), and as reported here, 
very short distances (< 1 nm) that are not easily 
measurable by other techniques. 

The purpose of this study was to evaluate the 
utility of SPR to detect the tryptophan radiolumines- 
cence arising from excitation by tritiated water 
molecules that are very close to tryptophan residues 
in soluble and membrane proteins. First, a theoretical 

Monte Carlo calculation was carried out to predict 
the SPR signal expected in biological samples and to 
provide a semi-quantitative relationship between wa- 
ter-tryptophan distance and SPR signal. To detect 
very small SPR signals and signal differences, an 
improved detection system was constructed that uti- 
lized ellipsoidal photon capture optics. SPR was then 
applied to determine the proximity of tritiated water 
to tryptophans in the soluble protein melittin, which 
contains a single tryptophan residue and undergoes 
salt-dependent aggregation; in the soluble protein 
aldolase, which exposes a fraction of its tryptophan 
residues to the aqueous environment when denatured 
by 8 M urea; in monellin and human serum albumin 
(HSA) compared to aldolase and d-tryptophan; and 
in the membrane proteins CHIP28 a water channel, 
and MIP26, a non-water channel homologue of 
CHIP28. The results demonstrate the utility of SPR 
to measure very short distances and provide informa- 
tion about the proximity of water to tryptophans in 
water soluble proteins and a transmembrane water 
channel. 

2. Materials and methods 

2.1. Theory 

A Monte Carlo calculation was performed to de- 
termine the spatial distribution of energy deposited 
by a beta electron very near a “H source. The 
calculation for distances of > 10 nm from the “H 
source was described in detail previously [I]. The 
continuous-slow-down approximation [7] was ap- 
plied to a series of monoenergetic 3H electrons as a 
succession of steps, each with a defined energy loss. 
The initial energies of the electrons were taken at 
intervals of 0.5 keV for energies of 2-18.5 keV and 
at intervals of 0.1 keV for energies of OS-2 keV. 
The electron energy at step n (E,) was equal to 
22’/” E no , , where m was set to lo5 to give high 
resolution for the first 500 steps and 10’ for remain- 
ing steps to deplete the electron energy to < 0.5 
keV. The energy loss with distance ( - dE/dx) was 
calculated according to the relativistic Bethe equa- 
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tion [8,9] and applied in discreet steps as proposed 
by Berger [lo], 

S ,,+ ] = [( 1 - Z-I’m) E, + S,(dE,‘dx)]/(dE/dx) 

(I) 

where (d E/d x> is the average energy loss over the 
interval between positions S,, , and S, as calculated 
by the Bethe equation, m is the number of steps 
required to deposit half of the electron energy and 
E,, is electron energy at S,. At each step, the electron 
3-dimensional trajectory was given a random change 
in direction based on a normal distribution of direc- 
tions with mean value determined from the absolute 
energy loss [l I]. Electron energy deposition was 
binned in intervals of 0.01 nm for the first 5 nm and 
1 nm thereafter to a maximum electron range of ca. 4 
pm. d E/dx for beta electrons having energies be- 
low 0.5 keV is not well described by the Bethe 
equation, but their range is predicted to be very 
small. Energy from these electrons was deposited 
near the 3H molecule according to the distributions 
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Fig. 1. Monte Carlo calculation of predicted SPR signals. (A) SPR 
energy deposition (R’ D(R)) by beta electrons (solid line) and 
‘He+-electron recombination (dashed line) See text for details. 
(B) Schematic of a single tryptophan surrounded by ‘H donors 
everywhere except for a spherical volume of radius rc. (0 
Cross-section (m) for dipole excitation by a beta electron as a 
function of electron energy (E) and range (RI: v a Em ’ ln( E)E 
- 1 In(E) and R = 40E(1+0.5E) [12]. 

provided by Berger [lo]. Monte Carlo calculations 
were carried out for 200 electrons at each initial 
energy and integrated to give the deposited energy 
density (D(R), keV/cm3) as a function of distance 
(R) from the 3H molecule. The calculation required 
ca. 100 hours of computational time on a 80486 CPU. 
In addition, the electron recombination energy of 
24.6 eV from the remaining ‘He+ (“H + ‘He++ em 
+ V) was deposited over a distance of ca. 5 nm as 
predicted from the ‘He+ recoil velocity (15000 m/s) 
and time for ‘He+-electron recombination (ca. lo-l3 
s) [12,13] (Fig. 1A). The SPR signal (Lrad, counts 
per second, cps) in solution, in which 3H molecules 
are randomly assembled in 3-dimensions around the 
fluorophore acceptor at the center of a sphere of 
radius rc in which “H is excluded (Fig. IB), is 
proportional to the integral of R’D(R) over R = rc 
to ~0. The R’ term arises from the increasing number 
of radioisotopes at distance R. The ratio of SPR 
signals predicted in the absence CL&,) versus the 
presence (L,:,) of an excluded volume is, 

LJci = lxR’D( R) dR/j-R’D( R) d R (2) 
0 r<. 

2.2. Instrumentation 

The SPR instrument consisted of a photomulti- 
plier in a cooled housing (models 9235QA and Fact- 
50; Thorn EMI, Rockaway, NJ), high-voltage power 
supply (model 126: Pacific Instruments, Concord, 
CA) and signal processing electronics (models 113 
preamplifier, 590A pulse shaper and Ace/2K multi- 
channel analyzer card; EG and G-Ortec) as described 
previously [2]. The instrument was modified for this 
study by the construction of ellipsoidal photon col- 
lection optics. A mirrored (rhodium coated) ellip- 
soidal chamber was constructed by joining two re- 
flectors (major and minor axes, 16.8 cm and 8.9 cm, 
Melles-Griot, Irvine, CA) with a 4-cm spacer to 
complete an ellipsoid with a 14.2-cm interfocal dis- 
tance. One vertex of the chamber was truncated 
(shortened by 3.5 cm along the major axis) to mount 
to the photomultiplier housing with one focus of the 
ellipsoid positioned near (ca. 2 cm) the photomulti- 
plier window (Fig. 2). A filter holder was positioned 
between the ellipsoidal chamber and the window of 
the photomultiplier housing to accommodate 50 X 50 
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Fig. 2. Schematic of SPR apparatus with ellipsoidal photon collcc- 
tion optics. A rhodium-coated ellipsoidal reflector was mounted 
on the cooled housing of the photomultiplier so that one focus of 
the ellipsoid was at the window of the photomultiplier. A l-ml 
glass sample vial was positioned at the opposite focus by a Delrin 
(nylon) holder. Several possible photon paths are shown (dotted 
lines). The SPR signal was amplified and detected by photon 
counting electronics and pulse-height discrimination. See text for 
details. 

mm filters of up to 3 mm thickness. A Delrin plastic 
sample-vial holder was constructed to retrieve a l-ml 
sample vial from a storage compartment and position 
it inside the ellipsoidal chamber at the opposite focus 
16.3 cm from the photomultiplier window. The mod- 
ified chamber and sample holder increased photon 
capture efficiency by 4.8fold giving a collection 
efficiency of 25%; the overall measurement preci- 
sion increased ca. lo-fold as determined from the 
standard deviations for repeated measurements on a 
single sample that was removed and reinserted be- 
tween measurements. External background signal was 
reduced by surrounding the instrument with a 
grounded Faraday cage and performing all measure- 
ments in a darkened room. Bremsstrahlung back- 
ground and other internal sources of background 
signal (e.g. chemiluminescence) were reduced by 
placing a cut-on or band-pass filter between the 
ellipsoidal chamber and the photomultiplier. A UGll 
band-pass filter (Schott Glass, Duryea, PA) was used 
for measurements on aldolase, CHIP28 and MIP26 
samples. 

2.3. Sample preparatiotl 

Radioisotopes and their sources were: “H,O 
(American Radiolabeled Chemicals, St. Louis, MO) 
and ‘H-30methyl glucose (jHOMG) in ethanol 
(New England Nuclear Research Products, Boston, 
MA). The “HOMG was dried before addition to 
samples. d-Tryptophan, melittin and rabbit-muscle 
aldolase were obtained from Sigma Chemical Co. 
(St. Louis, MO). d-Tryptophan and melittin (1.4 and 
0.14 to 0.19 mM) were dissolved in 10 mM sodium 
phosphate buffer at pH 7.4 containing 0 or 2 M 
NaCl. To compare fluorophore exposure in the na- 
tive and denatured states of a soluble protein, al- 
dolase (0.026 mM) was dissolved in 20 mM sodium 
phosphate buffer at pH 7.4 containing 0 or 8 M urea. 
To compare fluorophore exposure to water in differ- 
ent proteins, monellin (0.092 mM), HSA (0.125 
mM), aldolase (0.036 mM) and d-tryptophan (0.150 
mM) were dissolved in 20 mM sodium phosphate 
buffer at pH 7.4. CHIP28 (ca. 5 mg/ml in mem- 
branes) was prepared from hemoglobin-free erythro- 
cyte ghosts by stripping twice with 3% N-lauroyl- 
sarcosine [14]. CHIP28 was functional as a water 
channel in this preparation and constituted > 95% of 
total protein. MIP26 in membranes (ca. 5 mg/mli 
was prepared from bovine lens by homogenization 
followed by successive stripping with 7 M urea and 
0.1 M NaOH [14]. MIP26 constituted ca. 80% of the 
protein in this preparation. CHIP28 and MIP26 pro- 
tein concentrations were determined by a modified 
Lowry assay in the presence of SDS. 

2.4. Measurement procedures 

SPR signal was measured for each sample over 
three successive periods of 120 s each. Each sample 
was measured at least twice in this manner in rota- 
tion with all other samples to check for drift in 
instrument sensitivity. Several samples, in addition 
to the SPR sample (containing radioisotope and fluo- 
rophore), were prepared for background subtraction 
including: an SPR sample blank (containing fluo- 
rophore without radioisotope), a Bremsstrahlung 
sample (containing radioisotope without fluoro- 
phore), and a Bremsstrahlung blank (containing no 
fluorophore or radioisotope). Samples were prepared 
in parallel, where possible, to ensure equal concen- 
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nations of fluorophore and radioisotope. The SPR 
signal arising from fluorophore radioluminescence 
was corrected (L,,,, cps PCii’ pmoll’1 using the 
equation, 

- [ ( Brad - Rh,a,)/‘p,.i]} . ~moliiu’or Qi ’ 
(3) 

where Srad is SPR sample signal (cps), Sb,,, is SPR 
sample blank signal, S,ci is SPR sample radioactiv- 

ity, Brad is Bremsstrahlung signal, Bb,,, is 
Bremsstrahlung blank signal, B,ci is Bremsstrahlung 
sample radioactivity, ~molnuor is the molar fluo- 
rophore quantity and QY is fluorophore quantum 
yield. The SPR signal was expressed in units of 
cps . PCi-’ ~rnolr&. Fluorophore concentrations 
were determined by absorption (Beckmann, model 
DU-7 spectrophotometer) and radioactivity ( PCil by 
triplicate scintillation counting of each sample (Be- 
ckmann, model LS8000 scintillation counter). SPR 
data for CHIP28 and MIP26 are reported as ratios of 
SPR signals obtained from paired samples (contain- 
ing “H,O or 3HOMG) with identical protein concen- 
tration. Fluorophore quantum yield was measured on 
an SLM SOOOC fluorimeter using quinine sulfate in 
2.0 M H,SO, as the standard <Q, = 0.70). Quench- 
ing of aldolase fluorescence by I- was measured on 
an SLM 8000C fluorimeter by adding small aliquots 
of 5 M KI in 20 mM sodium phosphate buffer (pH 
7.4) to a cuvette containing 2 ml of 0.14 PM al- 
dolase. Fluorescence excitation spectra were mea- 
sured on an SLMSOOOC using 150 dilutions of SPR 
samples for d-tryptophan, aldolase, monellin, and 
HSA in 20 mM sodium phosphate buffer (pH 7.4). 
Samples were excited in the range 220-310 nm and 
detected with a 4911 band pass filter in the emission 
path. The corrected SPR signal intensity was ex- 
pressed as a ratio of SPR signal intensity (cps PCii ’ 
grn- ‘) to the fluorescence signal integrated over 
excitation wavelengths (SPR/XF,, ). Standard errors 
for L,,, or L,,, signal ratios are reported for mea- 
surements performed on independent samples. Lev- 
els of significance for differences were determined 
by the Student’s t test. 

3. Results 

3.1. Theoretical predictions of SPR signal from flue- 
rophores near an ‘H source 

Fig. 1A (solid line) shows the spatial distribution 
of energy deposited by beta electrons CR’ D(R), 
keV/nm) in an aqueous environment as determined 
by Monte Carlo calculation. The energy density 
(D(R), keV/cm”) has been multiplied by R’ to 
show the decreased deposited energy as a function of 
distance R in a manner which is independent of the 
l/R’ point-source term. The integral of R’ D(R) 
over R = 0 to m gives 5.5 keV, the mean energy of 
the ‘H beta electron. As described in Methods, the 
SPR signal from an ensemble of radioisotope sources 
surrounding a fluorophore is proportional to the area 
under the curve. R’ D(R) as determined from the 
Monte Carlo calculation (solid line) decreases with 
R, reaching a half-maximal value at ca. 50 nm. This 
relatively modest decrease in R’ D(R) at very small 
R is not sufficient to account for the reduction in 
SPR signal observed experimentally (see below) 
when 3H is excluded from a small volume (R < 5 
nm) around the fluorophore. 

However, there are additional physical processes 
that must be included for determination of the proba- 
bility of excitation of a fluorophore very near a ‘H 
source. These processes have direct implications for 
the SPR signal arising from an ensemble of 3H 
sources surrounding a tryptophan residue centered 
within a spherical volume of radius r, from which 
“H is excluded (Fig. 1B). The following is a semi- 
quantitative description of these physical processes 
which strongly increase the probability of excitation 
of a fluorophore very near an 3H source: 

(11 Non-linear dependence of dipole excitation on 
electron energy: For fluorophores not very near an 
“H source, it was assumed that the probability of 
fluorophore excitation is proportional to the dipole 
excitation cross-section, cr, and the energy density 
deposited by the beta electron at the site of the 
fluorophore [l]. It was further assumed that cr was a 
constant property of the fluorophore related to the 
oscillator strength and independent of fluorophore 
proximity to the 3H source. However, the Bethe 
excitation cross-section for inelastically scattered beta 
electrons, u,, is proportional to A . T- ’ In(T), where 
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T is electron energy and A is related to the ratio of 
dipole to fluorophore excitation energy [I5]. There- 
fore, fluorophore cross-section is increased for exci- 
tation by low-energy short range electrons. Fig. 1C 
shows that fluorophore excitation probability can 
increase by lo-fold at a distance of 0.1 run from the 
3H source compared to distances far from the source. 
It is also noted that energy deposition in an aqueous 
environment provides an indirect source of fluo- 
rophore excitation and the rate of energy deposition 
(dE/dx) in liquid water is greatest for low-energy 
electrons (ca. 100 eV1 [12]. Fluorophore excitation 
probability becomes nearly constant at distances of 
> 10 nm from the source as assumed in our previous 
work. 

(2) Energy from ‘He+ - electron recombination: 
3H decay produces an ionized 3Hef which can 
deposit energy locally to excite radioluminescence. 
As described in Methods, the energy of recombina- 
tion (24.6 eV/“He+) will be distributed over a 
small distance (ca. 5 nm) and will contribute substan- 
tially to the energy available for fluorophore excita- 
tion (dashed line, Fig. 1A). The precise spatial distri- 
bution of this ‘recombination’ energy cannot be 
specified because of uncertainties in recombination 
time; in addition, the theory for dipole excitation 
cross-section from the energy produced by 3He+ 
recombination has not been established. 

The physical arguments above suggest that en- 
hanced radioluminescence occurs in fluorophores 
very near a 3H source because of special physical 
processes that do not operate at larger distances. In 
addition, the ionization values used in the Monte 
Carlo calculation of beta electron energy losses are 
correct for an aqueous environment and may not 
accurately model energy losses very close to trypto- 
phans buried within a protein. To test whether tryp- 
tophan radioluminescence is measurable and can arise 
from beta decay of nearby 3H,0 molecules, experi- 
ments were carried out with aqueous tryptophan, 
melittin, aldolase, albumin and two integral mem- 
brane proteins. 

3.2. Tryptophan radioluminescence in melittin 

The model protein melittin contains a single tryp- 
tophan residue. Melittin is present in monomeric 
form in low-salt buffer in which the tryptophan is 

exposed at the surface, and in tetrameric form in 
high-salt buffer in which the tryptophans are buried 
[I6]. Melittin (140-200 PM) was dissolved in 10 
mM sodium phosphate buffer (pH 7.41 with or with- 
out 2 M NaCl. “Hz0 tea. 50 pCi/ml) was used as 
the SPR donor. At low salt, the single tryptophan in 
monomeric melittin is exposed to the aqueous envi- 
ronment as demonstrated by the red-shifted fluores- 
cence spectrum with the emission peak at 3.50 nm 
(Fig. 3A). The corrected tryptophan SPR signal from 
melittin and 3H,0 at low salt was 9.0 f 0.3 cps . 
&i’ pmoll’ tryptophan (SE, n = 6 separate sam- 
ples) after correction for measured quantum yield of 
0.13 (Fig. 3B). This value is not significantly differ- 
ent from the corrected SPR signal of 8.6 f 0.2 cps . 
PCi-’ ~moll’, (n = 4, quantum yield 0.19) ob- 
tained for 1.4 mM d-tryptophan dissolved in the 
same buffer and exposed to 3H,0. These results 
support the conclusion that the single tryptophan in 
the melittin molecule is exposed to the aqueous 
environment [17]. At high salt, melittin assumes a 
65% a-helical secondary structure and self-associ- 
ates as tetramers in which the tryptophan of each 
monomer is buried at the center of the tetramer. The 
blue shift in the tryptophan emission peak to 330 nm 
for melittin in high salt (Fig. 3A) demonstrates that 
the tryptophan residues are shielded from the aque- 
ous environment. The tryptophan SPR signal for 
melittin in high salt with 3H,0 was 4.6 + 0.8 cps . 
&i’ pmoll’ (n = 6) after correction for the 
quantum yield of 0.25 (Fig. 3B). The predicted 
geometry of the melittin tetramer in the putative 
a-helical form suggests that 3H,0 is excluded from 
a volume around the buried tryptophans with a ra- 
dius of 15 A. This significant decrease in SPR signal 
arising from the melittin tetramer compared with the 
monomer (p < 0.01) is consistent with the exclusioi 
of 3H,0 from the vicinity of the tryptophan residue 
and the consequent decrease in energy density (see 
Discussion). 

3.3. Tryptophan radioluminescence in aldolase 

Rabbit-muscle aldolase is a water soluble te- 
trameric protein containing 12 tryptophans and 44 
tyrosines [18]. In the 20 mM sodium phosphate 
buffer, the tryptophans in aldolase are shielded from 
the aqueous environment as shown by the blue shift 
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(322 nm) of its fluorescence emission peak (Fig. 
4A). Addition of 8 M urea caused a red shift (346 
nm) of the aldolase fluorescence emission peak (Fig. 
4A), indicating exposure of one or more tryptophans 
to an aqueous environment. The tryptophan environ- 
ment was investigated further by measurement of 
tryptophan quenching by iodide. The Stern-Volmer 

A ’ r I-. ,-melittin + NaCl 
I’ ‘\ 

300 400 500 
Emission wavelength (nm) 

monomer 

tryptophan melittin melittin+NaCI 

Fig. 3. Fluorescence spectra and SPR signal for d-tryptophan and 
melittin in high- and low-salt solutions. (A) Corrected fluores- 
cence emission spectra of d-tryptophan (0.14 mM) and melittin 
(0.18 mM) in 10 mM sodium phosphate buffer (pH 7.4) contain- 
ing 0 or 2 M NaCl. (B) Tryptophan SPR signal CL,,, + SE, 
cps~j.~Ci~’ pm01 -‘) from d-tryptophan (1.4 mM. n = 4) and 
melittin (0.14-0.19 mM, n = 6) in 10 mM sodium phosphate 
buffer (pH 7.4) containing 0 or 2 M NaCl with ‘H?O as donor. 
( * ) indicates significant difference from aqueous tryptophan and 
low-salt melittin (p < 0.01). Schematic of monomeric and te- 
tramcric melittin showing exposed and buried tryptophans (W) is 
provided above the data bars. 

350 

Emission wavelength (nm) 

B C 2.0 

3r * 

FL? 
7 

2 

1 
” 

0 [KII 0.5 no urea 8 M urea 

Fig. 4. Fluorescence spectra, Stern-Volmer quenching and SPR 
signal ratios for rabbit-muscle aldolasc. (A) Corrected fluores- 
cence emission spectra (excitation 280 nm) for native and dena- 
tured aldolase (0.14 FM) in 20 mM sodium phosphate buffer (pH 
7.4) with 0 or 8 M urea. (B) Stern-Volmer plot of fluorescence 
quenching by Kl for native and denatured aldolase in 20 mM 
sodium phosphate buffer containing 0 or 8 M urea where F(, and 
F are the integrated fluorescence under non-denaturing and dena- 
turing conditions with excitation at 280 nm. (C) SPR signal 
CL,,, +SE, cps.@-’ pmol-’ protein) from native and dena- 
tured aldolase (25 PM) in 20 mM sodium phosphate buffer 
containing 0 or 8 M urea with ‘Hz0 as donor. SPR signal is 
corrected for relative fluorescence. ( * ) indicates significant differ- 
ence in SPR signal ( p < 0.005). 

constant, K,. for quenching of aldolase tryptophan 
fluorescence in the non-denaturing buffer was 0.31 
Mm ’ and was substantially increased under denatur- 
ing conditions with urea (Fig. 4B). Non-linearity and 
an intercept > 1 for the Stern-Volmer plot of 
quenching data in the presence of 8 M urea sug- 
gested that only a fraction of the tryptophan residues 
becomes exposed to the aqueous environment. A plot 
of F,,/(F, -F) versus I/[KI] (based on the modi- 
fied Stern-Volmer equation F,/( F, - F) = ( 1 / 
[KI]) faK, + l/f,, [19]) provided a better fit of 
quenching data with urea; the fitted values were 11.2 
for K, and 0.64 for f,, the fraction of fluorescent 
residues that were quenched (not shown). Because 
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the presence of multiple tryptophan and tyrosine 
residues in aldolase prevented a simple correction of 
SPR values for quantum yield, excitation spectra 
were measured for the SPR samples (0 and 8 M 
urea> by cuvette fluorimetry using the same band-pass 
filter (UGll) in the emission path as was used in the 
SPR instrument (data not shown). Excitation was by 
light wavelengths of 220-310 nm to approximate the 
wide range of excitation energies in SPR. The inte- 
grated spectra showed that total fluorescence inten- 
sity in the non-denatured aldolase was 95% of that in 
the denatured sample, providing a small correction 
factor for the total relative fluorescence of each 
sample. The ratio of corrected SPR signal from 
aldolase and ‘H,O in denaturing conditions versus 
aldolase and 3H20 under non-denaturing conditions 
was 1.53 f 0.07 (n = 6) (Fig. 4C). The significant 
increase in SPR signal arising from the denatured 
aldolase compared to native aldolase (p < 0.005) is 
consistent with a closer approach of 3H,0 to trypto- 
phan residues exposed to the aqueous environment. 

3.4. Water accessibility of fluorophores in aldolase. 
monellin and human serum albumin 

Monellin and HSA are water soluble proteins, 
each containing one tryptophan and 7 and 17 ty- 
rosines, respectively. The fluorescence emission 
maxima of monellin and HSA were blue shifted as 
compared to d-tryptophan (Table 1) indicating that 
the fluorophores are in a relatively non-polar envi- 

Table 1 
Water accessibility of fluorophores in monellin, HSA and aldolase 

Emission Stern-Volmer SPR/,rF,, 
maxima constants 
(nm) CM-‘) 

Tryptophan 350 12 1 
Monellin 334 5.0 1.42*0.06 
HSA 324 7.0 1.04 f 0.05 
Aldolase 314 0.8 1.09 * 0.05 

Emission maxima for monellin. HSA, and aldolase represent the 
emission wavelength corresponding to maximum fluorescence 
measured with an excitation wavelength of 280 nm. Stern-Volmer 
quenching constants for protein fluorescence quenching by NaI 
(0.1-0.5 M). The ratios of SPR to fluorescence excitation data 
(SPR/ZF,, *SD, n = 3, set Methods) are normalized for com- 
parison to that of tryptophan. 

ronment. The Stern-Volmer constants for fluores- 
cence quenching by iodide given in Table 1 support 
the conclusion that fluorophores in monellin and 
HSA have an ‘aqueous accessibility’ between that of 
d-tryptophan and aldolase. For SPR measurements, 
3H,0 (120-140 &i/ml) was added to monellin, 
HSA, aldolase and d-tryptophan dissolved in 20 mM 
sodium phosphate buffer. Corrected SPR signals and 
integrated fluorescence excitation data ( XF,,) were 
used to calculate normalized SPR signal ratios as 
described in Methods. This calculation corrects SPR 
values for the ‘average’ quantum yield of fluo- 
rophores in each protein and facilitates comparison 
(to tryptophan) of protein fluorophore exposure to 
‘HZ0 as measured by SPR. 

The normalized ratios reported in Table 1 
(SPR/CF,, f SE) were expected to be < 1 for pro- 
teins because of the relative inaccessibility of protein 
fluorophores to 3H,0 causing lower SPR signals 
compared to d-tryptophan. However, ratios > 1 in- 
dicated higher SPR cross-sections for protein fluo- 
rophore excitation that are not predicted from SPR 
measurements of d-tryptophan in solution (see Dis- 
cussion). Fluorophores in aldolase are isolated from 
the polar water environment as shown by the blue 
shift of the emission maximum and the Stern-Volmer 
constant for quenching by iodide. The observed ratio 
represents a combination of 2 competing effects: 
decreased accessibility of 3H,0 to the fluorophore 
and increased fluorophore cross-section for excita- 
tion by SPR. Fluorophores in monellin and HSA are 
intermediate in water accessibility compared to al- 
dolase and tryptophan. For HSA, the increased 
cross-section again balances the decreased accessibil- 
ity giving a ratio that is not significantly different 
than 1. However, for monellin, the ratio is signifi- 
cantly greater than 1 (p < 0.05), indicating that the 
increase in cross-section has a greater effect upon 
SPR signal than the decrease in fluorophore accessi- 
bility to “H,O excitation. 

3.5. TTptophan radioluminescence in two integral 
membrane proteins 

Access of 3H20 to tryptophan residues in proteins 
was investigated in two homologous integral mem- 
brane proteins: CHIP28 and MIP26. CHIP28 is a 
water-selective channel protein containing four tryp- 
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Fig. 5. Fiuoresccncc spectra and SPR signal ratios for d-tryptophan 

and integral membrane proteins CHIP38 and MIP26. (A) Cor- 

rected fluorescence emission spectra for CHIP28 (0.5 mg/ml) in 

N-lauroylsarcosine stripped crythrocyte vesicles and MIPX (I.0 
mg/ml) in stripped bovine lens vesicles. (B) Ratio of corrected 

SPR signal obtained for “H,O versus ‘H-3-O-methyl glucose as 
donor. Schematic of CHIP28 (with water channel) and MIPX 
(without water channel) in membranes with SPR donors is shown 
above the data bars. 

tophans that are isolated from the aqueous environ- 
ment as demonstrated by the blue shift in tryptophan 
fluorescence (Fig. 5A). MIP26 contains five trypto- 
phan residues and does not function as a water 
channel (see Discussion). The slight blue shift in 
MIP26 fluorescence (Fig. 5A) suggests that one tryp- 
tophan is exposed to the aqueous environment 
whereas the other four are located in the protein 
interior [20]. Experiments were carried out to deter- 
mine whether 3H,0 in the putative CHIP28 aqueous 
pore could excite radioluminescence in tryptophans 
near (but not directly lining) the pore. The relative 

SPR signal of CHIP28 (lo-50 PM in N-lauroyl- 
sarcosine stripped vesicles) with “H,O versus 
‘HOMG as donor was 1.35 k 0.13 (n = 3) (Fig. 5B). 
The same measurements were performed with MIP26 
(100-200 PM), where one tryptophan is exposed to 
the aqueous environment and neither water nor 
methyl glucose should have preferential access to the 
tryptophans. The ratio of SPR signal for MIP26 with 
‘H,O versus ‘H-OMG was 0.99 + 0.02 (n = 2). For 
comparison, SPR measurements were made using 
‘H,O and “H-OMG on a solution of d-tryptophan 
(1.4 mM) in 10 mM phosphate buffer. The ratio 
(*SE) of the tryptophan SPR signal obtained with 
“H,O versus 3H-OMG was 1.10 f 0.06 (n = 3). The 
SPR ratio for CHIP28 was significantly greater than 
unity (p = 0.05) consistent with the presence of an 
aqueous pore. The slightly larger (but not statistically 
significant) SPR signal observed for excitation of 
tryptophan by “Ho20 may result from a closer ap- 
proach (by ca. 3 A) of 3H to the fluorophore by the 
smaller ‘H,O molecule compared to 3HOMG. This 
closer approach of “H,O would have less effect on 
the SPR signal for thelarger MIP26 (MW = 26000) 
and CHIP28 (MW = 28000) molecules where most 
of the fluorescence arises from tryptophans already 
far from the aqueous compartment. 

4. Discussion 

The purpose of this study was to investigate 
whether the single photon radioluminescence arising 
from tryptophan residues in proteins is measurable 
and could be exploited to probe tryptophan environ- 
ment. The SPR method utilizes the energy deposited 
by a slowing beta decay electron to excite a reporter 
fluorophore [l]. The small number of emitted radio- 
luminescence photons are detected by a cooled pho- 
tomultiplier and processed by single photon electron- 
ics and pulse-height discrimination. The SPR signal 
intensity depends upon the molar absorbance and 
quantum yield of the fluorophore and the distance 
between the radioisotope and fluorophore. SPR has 
been applied in studies which do not depend on 
exact radioisotope-fluorophore distance, including 
lipid exchange kinetics, membrane transport, and 
ligand-receptor binding, and in a measurement of 
the submicroscopic distance between the erythrocyte 
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membrane bilayer and its glycocalyx [2]. The present 
study extends the SPR method to the detection of 
‘H,O and other molecules near tryptophan residues 
in proteins. The theoretical considerations and exper- 
imental results in simp!e proteins indicate that tryp- 
tophan radioluminescence is measurable and can be 
utilized to study tryptophan-water proximity. 

A conclusion from our previous work was that for 
substantial distance from a ‘H source ( > 10 nm), the 
probability of fluorophore excitation increased lin- 
early with the density of energy (keV/cm3) de- 
posited by a beta electron in the vicinity of the 
fluorophore [I]. The relationship between energy 
density and distance from the radioisotope was deter- 
mined by a Monte Carlo calculation in which the 
interaction physics of an electron moving through a 
biological/aqueous environment was modeled. The 
calculation incorporated the energy distribution of 
electrons by a specified beta-emitting radioisotope 
(“H, “‘C or 35S), the energy-dependent deposition of 
electron energy, and the 3-dimensional trajectory of 
the electron as it interacts with matter. The present 
study was focused on energy deposition very near a 
‘H source. Although non-zero energy density was 
found beyond 1 pm for beta electrons from ‘H, a 
substantial fraction of energy was deposited near the 
3H molecule because of: (a) the l/r’ factor for an 
isotropically emitting point source, (b) the presence 
of electrons with low initial energy that interact 
strongly with matter [9], (c) the non-linear relation- 
ship between dipole excitation cross-section and 
electron energy, and (d) the energy released by 
electron recombination with the 3He+ produced by 
beta decay. Although uncertainties in the physics of 
interaction of low-energy electrons with the medium 
precluded exact calculation of energy deposition at 
very small distances (see Results), the theoretical 
considerations described in Results suggested that a 
substantial probability for fluorophore excitation ex- 
ists in the immediate vicinity of the “H molecule. To 
investigate whether the energy deposited very near 
the radioisotope could excite tryptophan radiolumi- 
nescence, SPR measurements were carried out in 
several model systems. 

The very small SPR signals arising from trypto- 
phan residues and the substantial background signal 
required special attention in the design of experimen- 
tal protocols and instrumentation. A sample compart- 

ment with reflective ellipsoidal optics was designed 
and constructed to collect the radioluminescence 
photons efficiently, and to facilitate the safe and 
precise handling of radioactive samples in a dark 
room. The collected radioluminescence was detected 
by a cooled photomultiplier, amplified and quantified 
by photon counting after exclusion of low- and 
high-amplitude pulses by multichannel analysis. 
Measurements were carried out in a Faraday cage in 
a dark, air-conditioned/dehumidified room. The 
sources of background signal were: (a) photomulti- 
plier dark current, (b) Bremsstrahlung (stopping radi- 
ation), and for the membrane protein samples, (c) 
weak chemiluminescence. The effects of photomulti- 
plier dark noise were minimized by maximum cool- 
ing of a high gain, low-noise photomultiplier, and 
the use of relatively large amounts of radioactivity 
(50--200 E*.Ci “H per sample) to increase signal 
intensity. The effects of broad-spectrum 
Bremsstrahlung were minimized by use of relatively 
high protein concentrations (20-130 PM) and a 
UV-passing filter to exclude Bremsstrahlung photons 
outside the tryptophan emission band. 

The soluble protein melittin contains a single 
tryptophan residue (W17). When dissolved in a low 
ionic strength buffer (low salt), melittin remains as 
monomers with an 88% random coil configuration in 
which the tryptophan is located in a polar environ- 
ment at the protein-aqueous interface [17]. In a high 
ionic strength buffer, melittin forms tetramers in 
which the tryptophan residues are buried in a hy- 
drophobic environment near the center of four 
monomers. This interpretation was supported by 
spectroscopic data (Fig. 3A). Based on an a-helical 
secondary structure for melittin subunits in the te- 
tramer, the average distance between the tryptophan 
residue and the bulk-phase water compartment is 
estimated to be ca. 1.5 nm. The experimental data 
here indicate that the tryptophan SPR signal arising 
from 3H,0 decay, after corrections for melittin 
quantum yield, is 2.0 k 0.3-fold higher for identical 
concentrations of melittin in low versus high salt. 
This observation is consistent with the exclusion of 
‘H,O from a region near the buried tryptophan 
residues. 

The water soluble tetrameric protein aldolase con- 
tains 3 tryptophans (W147, W295 and W313) and 11 
tyrosines in each of its monomers. In non-denaturing 
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sodium phosphate buffer, these fluorescent residues 
are isolated from the aqueous environment as shown 
by spectroscopic (Fig. 4A) and I- quenching (Fig. 
4B) data. A fraction of the fluorescent residues are 
exposed to the aqueous environment (and to ‘H?O) 
under denaturing conditions of 8 M urea, giving a 
53% rise in SPR signal. Emission spectra from tryp- 
tophan/tyrosine excitation (280 nm) and tryptophan 
excitation (295 nm) showed no difference in peak 
position, suggesting that the majority of the fluores- 
cence for non-denatured and denatured aldolase arises 
from the tryptophan residues; however, the number 
of tryptophans in aldolase precludes assignment of a 
specific tritium-tryptophan distance or absolute cor- 
rection for tryptophan quantum yield. Correction for 
intrinsic differences in the fluorescence intensity of 
native and denatured aldolase (quantum yield. tyro- 
sine emission, spectral shifts) was made using inte- 
grated excitation spectra measured by cuvette fluo- 
rimetry. However, absolute values for the SPR signal 
are not easily interpretable because the SPR excita- 
tion cross-section for the fluorophores is not constant 
in different proteins. Nonetheless, the SPR data pro- 
vide further evidence for exclusion of water (‘H,O) 
from buried tryptophans in native aldolase and in- 
creased tryptophan exposure after denaturation by 
urea. 

SPR results comparing fluorophore accessibility 
to ‘Hz0 in different proteins (monellin. HSA, and 
aldolase) suggest that the cross-section for SPR exci- 
tation is greater for protein fluorophores than for 
monomeric tryptophan or tyrosine in aqueous solu- 
tion. This effect may involve deposition of energy in 
or near the protein by the P-particle followed by 
energy propagation to fluorophores along the cova- 
lently linked protein backbone. This mechanism is 
similar to that described in radiation inactivation, 
where catalytic sites in proteins are inactivated by a 
radiation ‘hit’ anywhere in the protein molecule [28]. 
Target sizes for such radiation damage measured in 
frozen samples correlate closely with the molecular 
size of the protein. Here, the SPR signal produced by 
the P-particle is likely a result of fluorophore excita- 
tion by direct interaction, by ionized water, and by 
energy propagation along the protein backbone. 
Therefore, SPR assessment of protein fluorophore 
exposure to the aqueous environment should only be 
done for the same protein with changing conditions 

(e.g. native versus denatured, monomeric versus 
oligomeric). 

CHIP28 is a 28 kDa, water-selective transporting 
protein that has been isolated and cloned from ery- 
throcytes [21] and kidney [22], and has been shown 
to transport water in reconstituted proteoliposomes 
[23,24], stably-transfected CHO cells [25] and Xeno- 

pus oocytes [26,22]. CHIP28 forms tetramers in 
membranes [21,27] in which individual monomers 
function independently [29] and have been proposed 
to contain a continuously open, narrow aqueous 
channel. CHIP28 is a member of a family of proteins 
that includes MIP26 and several small proteins from 
mammals, plants, bacteria and yeast [30]. MlP26 is a 
26 kDa protein from mammalian lens fiber that is 
homologous to CHIP28 but does not transport water 
[14]. Fluorescence spectroscopy studies indicate that 
the four tryptophan residues of CHIP28 (Wll, W210, 
W213, W245) are located in a relatively non-polar 
environment near the surface and center of the bi- 
layer [20]; in MlP26, one of five (W2, WlO, W34, 
W102, W105) tryptophan residues (W2) lies in a 
polar environment near the N-terminus. 

The data reported here indicate a small, but signif- 
icantly greater SPR signal for excitation of CHIP28 
tryptophan radioluminescence by ‘H,O than by “H- 
OMG under conditions in which there was no differ- 
ence in MIP26 tryptophan radioluminescence. The 
increased signal in CHIP28 in the presence of “H20 
is consistent with the conclusion that CHIP28 con- 
tains an aqueous channel that admits water but ex- 
cludes other small molecules including glucose. 
These results are in agreement with the low single 
channel water permeability of CHIP28 (suggesting a 
narrow channel), the inability of CHIP28 to transport 
urea, protons and small ions [23,22], and lack of 
water transporting activity of MlP26 [14]. Although 
the number of water molecules in the CHIP28 aque- 
ous channel and the position of the tryptophans 
cannot be determined because of the complexity of 
the protein and the lack of a quantitative model for 
tryptophan excitation by nearby ‘H ZO molecules, the 
data demonstrate the utility of tryptophan radiolumi- 
nescence for detection of intramolecular aqueous 
compartments. 

In summary, the data reported here demonstrate 
the utility of SPR for detection of ‘H-labeled 
molecules very near fluorophores in biological sam- 
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ples. Notwithstanding the relatively large amount of 
radioactivity and protein samples required to obtain 
adequate SPR signals, SPR offers a novel approach 
to probe aqueous environments in proteins. 
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