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Abstract-Aqueous solutions of lysergic acid diethylamide (LSD) are extremely sensiti\,c to light in the 
near-ultraviolet region of the spectrum. This rather efficient photoreaction yield\ a variety of products 
which have very low affinity for LSD-binding sites on plasma membranes from F~lxk~i~~ 1qw~ic.c~. Since 
this photoreactIon may be elicited by normal white fluorescent lighting in ths laboratory. it rcprcxents 
a potential source of error in determining the binding affinity of LSD. Utilizing this photoreacrivit> 
advantageously, [‘H]LSD was used to photolabel membrane proteins. Co\alent binding oi [‘H]LSD 
was shown to be a function of the duration of illumination and v.as inhibited h! 5-h~ciros~tr!ptuminr 
and nonradioactive LSD. Sodium dodecylsulfate (SDS) polyacrylnmide gel elect!-ophorcsi5 of [‘H]LSD 
labeled membranes from F. hepaticu showed two proteins which were selectively labeled b\ the 
photoreactive (IH]LSD. This method of direct photolabeling with non-derivntixd [‘H]LSD may alloa 
identi~cation of LSD-binding proteins in a variety of systems. 

Affinity labeling of proteins with photoreactive 
ligands has attracted much attention in recent years 
as a powerful tool in probing biological targets [l, 21. 
In particular, photoaffinity labeling of membrane 
proteins [3,4] has provided methods for identifyill~, 
purifying, and characterizing receptor proteins. 
Photolabeling of hormone receptors with specifically 
designed photoreactive ligands has been utilized to 
identify steroid [S-7], glucagon [S], and insulin [9] 
receptors. The acetylcholine receptor has been the 
subject of a number of photolabeling studies [lO- 
13j. Guillory [14] has reviewed the use of photo- 
affinity reagents in studying active sites of energy 
transduction. 

Ideally, perturbation of the binding affinity of a 
photoreactive ligand by its reactive group should be 
minimized to preserve specificity in photolabeling. 
In the case where the non-derivatized ligand itself 
is photoreactive, such perturbation is avoided. A 
few examples of non-derivatized photoreactive 
ligands have been reported. most ofwhich are nucleic 
acids. Ferguson and co-workers have used both 
CAMP and cGMP to label protein extracts from testis 
and adrenal cortex [15, 161 and phosphofructokinase 
117. IS]. 

Lysergic acid diethylamide (LSD) and other ergot 
alkaloids have been reported to undergo photo- 
decomposition in CHCI? to yield a variety of products 
[19]. Lysergic acid derivatives in acidic solutions 01 
in alcohol, when irradiated with intense U.V. light. 
form enantiomers of a so-called lumi derivative, in 
which the 9,10-double bond has been hydrated 
[20,21]. These reports indicate the lability of these 
agents under non-physiological conditions. 
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Previous work in our laboratory showed that both 
5-hydroxytryptamine (5-HT) and LSD stimulate the 
rhythmical movement of the liver fluke Fusciola 
hepatica [22] and activate adenylate cyclase 123. 241. 
Kinetic data showed that LSD ts a partial agonist to 
serotonin, having an efficacy of about 25% that of 
serotonin. The serotonin receptors have a high affin- 
ity to LSD with a half-maximal activation of 46 nM. 
In addition to the kinetic data. recent binding studies 
using [3H]LSD f25] revealed that LSD has greater 
affinity than serotonin to membrane particles. 

The high affinity of LSD for 5-HT binding proteins 
indicates that it may be useful in the detection and 
isolation of these proteins. The photoreactivitv of 
LSD suggests some interesting biological appiica- 
tions. In the present work we hair investigated the 
possible use of [jH]LSD as a photoaffinity agent 
which could covalent+ bind to proteins to which it 
is bound. It could then serve as a marker for the 
identification of these proteins. The present work 
characterizes the photoreactions of LSD in aqueous 
solution at pH 7.5 and shows some preliminary data 
using LSD as a photoaffinity agent in the li\,er fluke. 

IIATERIALS A?.‘D 5lETHODS 

Crystalline LSD was obtained from the National 
Institute of Mental Health as a tartrate salt. Purity 
of both [‘H]LSD and LSD was established b) 
high-pressure liquid chromatography and thin-layer 
chromatography in a variety of solvents. and by 
absorption and Ruorescence spectroscopy. [ ‘H]LSD 
was purchased from the New England Nuclear 
Corp.. Boston. MA (4&Y Ci/mmole). Sucrose and 
MgC12.6H20 were from Fisher. Pittsburgh. PA, 
chromatographic grade hexane was from Baker. 
Phillipsburg. NJ, while all other chemicals were 
obtained from the Sigma Chemical Co.. St. Louis, 
MO. unless otherwise specified. 
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FfPLC anaI!sis was performed with a Waters 
I(PLC system. including a variable-wavelength 
~t~~sorprion monitor. Separ~~ti(~n of f.SD from its 
photoreaction products was achieved using a Varian 
(X-10 Micropak No. 491 colutnn at a flow rate of 
3.0 mlimin of (I+‘W) 2% N&OH in etf~~~~~ol~~~e~an~. 
HPLC solvents were of the highest chromatographic 
grade and were both filtered and degassed before 
USC. Thin-layer chromatography, on pre-coated 
Kodak silica-gel plates was routtneiy performed. 
Silica-gel plate:, with fluorescent indicator NWc used 
in identifying photoproducts: however. gel kvithout 
indicator was used when the recover]; of LSD for 
spectral analysis or for i3H]LSD scintillation nnal!;sis 
was desired. TLC solvents most commonl!, used were 
CHCI;-methanol (3: I), CIiCl;-methanol-NI--1; 
(90: 5: 1). Cycle-etli~tnol-aceticacid ( 18: IO: 1). and 
CI IC11-benzene--ethanol (4: 2: 1). 

The photoreaction of LSD was ~cc~~~ipiished by 
irradiating the solution with a U.V. Mineralight 
LJVSL-25 (Ultra-Violet Products. Inc.) from a dis- 
tance of 3.0 cm. The intensity of longvave irradiation 
was 330 tnicrowatts per square centitneter at ;I dis- 
tance of I5 cm. Spectral output of the U.V. Minera- 
light was maximum at 365 nm with a broad 80 nm 
t~andp~~th (?20--400 ntn). When tnoI~itori1~~ the 
pho~or~acti~~n in the absence of protein. irradiation 
was carried out in a I cm cuvette at 20”. with light 
entering from the side of the cell. 

Photolabeling of membranes with [.‘I-iJLSD was 
also at a distance of 3 cm: however. the solution was 
spread out in a Thin layer (- 1 mm depth) on a petri 
dish and irradiated from above. while the dish \V;IS 
slowly rotated to ensure even distribution of the 
light,. All photolabeling of tnembranes was carried 
out at 4”. 

Absorption spectra were delertnined on a Gary 
118 spectrophotometer. Corrected fluorescence 
spectra were measured on a Perk&Elmer scanning 
spectro~~uorometer. 

Gel filtration chromatography was performed at 
4”. The G-50 superfine column (1.5 x 20 cm) was 
equilibrated with IO mM gl~cylglycine buffer. pH 
7.5, for preparative separation of [ ‘HILSD 
components. 

Initial experiments in this invesripation were 
carried out on membrane particles of the liver fluke 
F. t?e/x&u. Cell-free particles were prepared as 
described previously [24], with only slight modifi- 
cations. Fresh intact liver flukes were frozen in 
Wollenberger clamps chilled in dry ice and stored 
at -SO” until needed. A chilled mortar and pestle 
(-80” with dry ice) was used to pulverize frozen 
flukes. before sLtspendin~ them in 6~1. (\%:!v) of 
~omo~enizati~~n buffer (0.33 M sucrose. 5 mM 
dithiothreitol, and 1 mM EDTA). The suspension 
(in 200 ml) was subjected to four 30-set pulses with 
a Tekmar tissumizer at 4”. After centriflt~in~ for 
20 min at 201Klg. the pellet was resuspended to the 
original volume in 0.25 M sucrose. 5 mM dithio- 
threitol, and 1 mM EDTA. After another centrifu- 
@on at 2000 g for 20 min, the particles were resus- 
pended in the second (0.25 M sucrose) solution and 
frozen at -80” until needed. 

To enhance the specific hindinp of the crude honto- 
genates. an enriched membrane pt-rparation was 

used for binding studies. Fresh li\cr Ilukes \\L”I-~’ 
homogenized in 3 \ol. (K%) of honlt)gcnization 
buffer in a tnot~)r-~Iriv~n T&on homogenizer. The 
homogenate \X as ~pttn at l(l.OO(lg for 15min. arid 
the pellet \~;ts rrsuspended in resuspension huffct 
lO.25 M sucrose. 3 mM glvcvlpl~cinc (pII 7.5). 
5 mM dithiothrcitol. 5 dvl $1&I:. 2 tn’ll EDTAj. 
This suspension was hrou$t ~113 to S3’i sucrose I>> 
the addition of a solution of 60’; wcrosc - 5 m1LI 
dithiothreitol. A 41.35 sucrose - 5 m&l dithio- 
threitol solution was layered on top, and the mixture 
was spun at 25.000 rpm for 7 hr in ;I Rcclman SW 

27 rotor. Material at the interface (enriched mrm- 
brane fraction) was collected. diluted 3-fold with 
homogenization buffer and spun at 10,000 ,_J for 
15 min, and the pellet wits resuspended in homo- 
genization buffer. This suspension was fr-ozen and 
stored in liquid nitrogen until netAcd. 

Protein conccnlrations wxc dctcrminrd 171, the 
method of 3radford [Xl. using the Bio-Rad protein 
assay reagent l\‘ith bo\.inc xxrum ;tlhumin ;I\ ;I 
standard. 

Photolabeling oi r~-ietnhr;tnc-1~vilrrtf protcrns tvith 
[‘II]L.SD \t’as ~t~c(~nlplished 1~~ tha\~ing either par- 

ticles or membranes and. afti’r cLntriftt@ng at 
l(~.~~~)(~ g for 20 min. rrwspendit~p the pellet in bind- 
ing buffet- to a tinal ~~~i~~~ntr~i~i~~n elf 50 miLI glyc!;l- 
glycine. 0.75 M sucrose. 5 mhl dithiothrcitol, I tnX1 
EDTA. 2 m.M MpC‘l:. ;III~ 0.2’; ;ls~c~rh;tte at pIf 7.5. 
After 30 min of incubation with [‘FI]i.SD at 1”. the 
suspension was poured into ;t petri dish [depth 
I- 1 mm) and irradintcd with Iottg\v;t\c u.v. light for 
30 min as drscrihcd above. ,\ftcr irrxiialion. the 
particle suspension Rx\ \4-ilSllf2Ci three times with S-- 
10 vol. of binding buffer heforc i‘ithcr solubilizing 
the metnbranes \\,ith deterpcnt or assaying fat 
covalent hittdinp. 

Freshly thawed enriched fluke tnembranc fractions 
were used to measure [‘H]LSD binding. The final 
iiicul~~ttion mixture consisted of iil~i~l~~~~~ti~ protein 
( b-2 1n&+11). 11.25 M s1Ict-0sc. 31 IllhI plyqlgl>cit1e 

(pII 7.5). 5 mM dirhiothreitol. I mbl EDTA. 7 mM 
MgCI:. and [ ‘If]I.SD and other ligancls as indtcatetl 
in ;I final voluri~c of 0.5 nil. Samples xer-e incubated 
at 37” for the indicated times. After incubation. three 
identical aliyuots were, rcmowtf. irilii~4 to 1 ml ctt 
cold wash buffer (ifi tn1\rt gl!c~l$\cinc. pH 7.5). antI 
passed tht-ottph Whatman GF-c glass libet- iiltcr\ 
under \xcuum The tiltet-s \vew \\ a\hcd \vith ~4 a5h 
buffer and counted for ‘I f-actt’rit\‘. Spccitic [ ‘H]I.SL1 
binding was [ietertiline~i by cubtractin~ from the total 
amount of I’Ff]LSD binding the i1tllOtlIlt Of [ ‘H]I.Sl> 
binding of an identical sample conrainin$ an cxces4 
of unlabeled LSD (IO ‘Xl). C’m;tknt htnding \\a\ 
drtermined 1~~ first washing the irrxliated ntrm- 
branes three times with X\.ol. of binding huffcr. 
centrifuging each cycle at 9000 g for I I) min. The 
final pellet was resuspended in 0.5ml c>f binding 
buffer. and bindins was detern~ined as ;rlx~\e. 
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Fig. 1. Absorption spectra of LSD after various periods of 
illumination of longwave U.V. light (32WiOOnm). in 
aqueous solution of LSD (6.4 X 10.‘M. F = 1 x 10’ Mm’) 
was irradiated with longwave U.V. light from a distance of 
3cm in an absorption cuvette. At the times indicated. 
irradiation was interrupted and the absorption spectrum 
was seanned. Numerical values on the curves indicate 

minutes of irradiarion. 

for 36 hr against four changes of lOOO-fold excesses 
of SDS dialysis buffer (0.1% SDS, 0.05 M Tris 
buffer, 0.5% /I-mercaptoethanol, pH 6.8). Prior to 
electrophoresis. solubilized proteins were dialyzed 
against sample buffer (2% SDS. 0.0625 M Tris, 10% 
glycerol, 5% ~mercaptoethanol, and 0.001% brom- 
ophenol blue, pH 6.8) for 6hr before boiling for 
2 min and applying to a 15% acrylamide gel accord- 
ing to the procedure of Laemmli [27]. Preparative 
slab gels (1 mm thick) were sliced latitudinally across 
an 8 cm center section of the gel, dried, dissolved 
in 0.7 ml of 30% Hz02 at 50” overnight in capped 
vials, and counted in Insta-Gel. A representative 
lane with molecular weight standards was cut lon- 
gitudinally and stained for protein with Coomassie 
blue for comparison. 

Adenylate cyclase activity was assayed by the 
method of Salomon et al. [28] as described previously 
for liver fluke particles [23]. Basal rates of enzymatic 
activity were assayed as well as serotonin (5-f-IT/ 
GTP) and fluoride-stimulated activity. Concentra- 
tions of the various components were 0.1 mM ATP, 
0.1 mM 5-HT, 0.1 mM GTP, and, where indicated. 
10 mM NaF. 

However, when precautions were taken to eliminate 
sunlight and the cool-white fluorescent lights were 
exchanged for red fluorescent ones (GE F%T12-R). 
no reaction was observed in aqueous solutions of 
LSD at room temperature over a period of several 
hours. When LSD samples were wrapped in foil and 
stored at 4”, no changes were observed over a period 
of 10 days. L.ongwave ultraviolet light also initiated 
the same reaction. As shown in Fig. 1, loss in absorp- 
tion at 310 nm was accompanied by an increase at 
both 375 nm and 265 nm. Isosbestic points were seen 
at 288 and 334 nm. 

Fluorescence offers an excellent method to follow 
the kinetics of the photoreaction of LSD. Figure 2 
shows that, upon U.V. irradiation. there was a loss 
of LSD fluorescence (i,, = 288 nm) and the appear- 
ance of a new peak at 355 nm. with an isoemissive 
wavelength of 360 nm. The excitation wavelength of 
288nm was chosen to avoid interference due to 
changes of the absorption spectrum. The non-ami- 
dated lysergic acid underwent an identical reaction, 
yielding the same spectral changes and associated 
kinetics, indicating that the photoreaction occurred 
in the conjugated pi electron system. The absence 
of oxygen slightly accelerated the rate of the LSD 
photoreaction (&:/Jio: =1.3), indicating that oxygen 
was not directly involved in the reaction. When D20 
was used as the solvent, the rate decreased percep- 
tibly (k~/k,, = 1.7). The photoreaction in ethanol or 
methanol was similar to that in water with respect 
to absorption. fluorescence and HPLC analysis of 
the products. IMore than one product was formed by 
irradiating aqueous solutions of LSD at pH 7.5. 
HPLC analysis revealed at least four products, vary- 
ing in polarity and absorption maxima from the 
original LSD. All of the detected products appeared 
at the same relative rates, indicating, that the kinetics 
of product formation were identical and corre- 
sponded to the decrease of LSD. No changes in 
product or reactant concentrations were observed 
when irradiated solutions were stored for up to 4h’ hr 
in the dark at 4”. 

RESULTS 

Photoreactivity of LSD. Aqueous solutions of LSD 
at room temperature are extremely sensitive to light. 
Exposure to indirect sunlight and to fluorescent light- 
ing for a brief period of time in our laboratory 
significantly altered the characteristics of the ligand. 
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Fig. 2. Fluorescence spectra of LSD after various periods 
of illumination of longwave U.V. irradiation. After irradia- 
tion as described in Fig. 1, emission spectra were scanned, 
Numerical values indicate the length of irradiation in 
minutes at an excitation wavelength of 288nm with a 
10 nm bandpass and an emission bandpass of 3 nm. Imtial 

LSD concentration wa> 6.4 x 10 ’ M. 
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Fig. 3. Elution profiles from G-50 Superfine,vl filtration 
chromatography (1.5 x 20 cm) of[‘H]LSD. utlhzing IO mM 
glycylglycine buffer (pH X.2) as elution bul’l’er. Fractions 
(1 .O ml) were collected. and aliquots of each fraction were 
counted. The column \vas wrapped in foil and clurcd at -I’ 
in the dark. Elution peaks are labeled as I. II and III in 
order of their elurion. An amount of 0.75 ml of IO ’ hl 
LSD (aged 1 month after receiving. stored at 3” in original 
container with only brief exposures to light) \\as applied. 
and 200 ul aliquots of each fraction were counted (a). 
Fractions 31-34 (111) were pooled as sho\vn by har and 
subjected to further analysis. A 0.75.ml amount of III was 
allowed to stand at room temperature under normal lighting 
in laboratory for 1 hr. and way then reapplied to the wme 
G-SO Superfine column. The rcsultlng elution profile I\ wcn 
in (b). Another portion of 111 nas incubated at 37 under 
red light for 4 hr before rcapplyng to the column. .I he 

resultin? clution profile i\ shown as (cl. 

Characterizatiort of LSD pf7otoreactior~ products 
Photoproducts that are distinguishable from LSD b> 
their different chromatographic properties were 
formed as a result of irradiating aqueous solutions 
of [?H]LSD with either white or U.V. light. When 
photodecomposed [‘H]LSD was chromatographcd 
on G-50 superfine gel (10 mM glycylglycine elution 
buffer. pH 7.5) and aliquots of the resulting fractions 
were counted, an elution profile such as Fig. 3a was 
obtained. The elution profile 3a shows that at least 
three fractions were present in the commercial prep- 
aration of [‘HILSD after only brief exposure to LX hite 
light. These are labeled I. II. and III in order of their 
elution volumes. When fractions 31~33 (III) were 
pooled and stored in the dark at 4” for a period ot 
10 days to 2 weeks. no decomposition wa\ sccn. 
Fraction III was tested by thin-layer chromn- 
tography. and it was found to comigrate with LSD 

in the sollent \\\tem u\ed. ;I\ described uncles 
Material\ and Method\. Brief Irradi:ttion aith II.\. 

light or eslx>sure of frxticm III to 1 hr of white light 

;it rooni temper;~ture wxulteJ in cstensi\c &con- 

position. ;ls is shomn in Fig. 3b. f loac\er. k\ hen ;I 

portion of fraction III w;~s incubated at room teni- 

pei-aturc or 37’ under red light for ;I period ot -1 hi-. 

no iiecorn,osition \\ 2s ohwr\ ed (Fig. 3~). Froccn 
aqueous solutions of [‘f I]I_SD at pS(1 \vere still 
subject to I’hcit”Llrcomposition but. instsad of frac- 
tion I being the major product. the majorit\ of the 
photoreacted ligand appeared in fraction il. \vith 

onl!, small amounts of fraction I present. Reappli- 

cation of fraction I to the column after 1-l hr in the 
dark at 4’ virlded onl! fraction I. \\ith lOOr; of the 
counts eluiinp in the initi:rl twiitl. 

None of these products \\ c~-c rctaincd b\ ;I dialv\ls 
membi-:rne that allo\\cd nlOlccLlle\ of ’ IO.i,lKl 

daltons through. sugpestlng that fraction\ I and II 
contained moleculx weight5 twtv,ecn 3.000 and 

10.000. Although ~,ol~merizatic,n reaction\ xc con- 

nion \vith indole system\. it was Linespecfcd that 

wch diffusion-cont~t,Iled I-cactlon\ \xould occur at 

concentrations of 1 Y IO ‘M during brief espo\ur-c 
to light. 

The most retarded tractlon (III. Fig. 3). u hich IV;IS 

the unaltered LSD. exhibited ;~ much higher aftinit! 

for fluke mrmbrxies than the earl\ fractions (I and 

II. Fig. 3). This is demonstrntcd .in Fig. 4. where 

binding of the two major fractions from the (;-%I 

elution profile is sho\vn. It may bc clcarlb \een that 

products of the LSD photor&ction ins fraction I 
possessed a much loww affinitc for LSD-binding _ 
sites on the fluke mcmbrancs. In support of thew 

findings. it WLS founcl th~tt the removal of the non- 

specitic ‘H-labeled deconipo~ition product\ from 
[‘H]LSD by gel filtration re\ultecl in ;I decrease in 
the apparent K,, of binding to the membrane particles 
from 80 to 50 nbl. None of the photoreaction pro& 

ucts were retAned on the glav tiber filters in the 

absence of protein. It should bc noted that this 

decrease in the K,, \V;IS ~tftcr only ;I brief euposurc 
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Fig. 5. Time-course of photolabeling of fluke membranes 
with [jH]LSD. After 30min of incubation of lO_‘M 
[‘HILSD with fluke membranes (1.9mgiml) at 4” in the 
dark, samples were irradiated with longwave U.V. light. At 
the indicated times. 150 ~1 aliquots were taken and washed 
three times with buffer before filtering, as described in 
Materials and Methods. Specific covalent binding for each 
point was the difference between [3H]LSD binding and 
[JH]LSD binding in the presence of a lOO-fold excess of 
LSD, Units on the left ordinate are the number of fem- 
tomoles incorporated per mg protein. The progress of the 
photoreaction of LSD in binding buffer under identical 
conditions is also plotted for comparison purposes. 
Fluorescence intensity was used to monitor the reaction of 

LSD. 

to light. Longer exposure to light without the pre- 

cautions taken would be expected to cause a more 

drastic change. 

Photolabeling of LSD binding proteins with 
[‘HILSD. In an attempt to use the efficient photo- 

reactivity of LSD to label the serotonin receptor in 
its native environment, [3H]LSD was first allowed 
to bind to membrane suspensions at 4” and subse- 
quently irradiated directly with longwave U.V. light. 
As would be expected, non-covalent specific binding 
decreased rapidly upon exposure to light, which cor- 
responded well with the photodestruction of the 
ligand. However, a small amount of [‘H]LSD 
became covalently bound to the membranes and was 
not removed with three or more successive washes 
of binding buffer or overnight dialysis. Figure 5 
shows the time-course of photolabeling membranes 
with [‘H]LSD and U.V. light. Specificity of the cov- 
alent binding was ascertained by photoirradiation of 
[“H]LSD after it achieved equilibrium with a 100- 
fold excess of unlabeled LSD. The specific covalent 
binding to the membranes increased with time of 
irradiation and paralleled the loss of LSD in aqueous 
solution under similar conditions. Figure 5 shows 
that the amount of total binding was very low, in 
the femtomoles/mg protein range. Scatchard binding 
analysis showed that only 5 X 10” sites/mg protein 
existed in cytoplasmic membrane preparations. Of 
these. only 0.05 to 0.1% were labeled at an initial 
concentration of [“H]LSD of 5 x 10-“M. The low 
concentrations of labeled receptors may explain the 
fact that no significant change occurred in the respon- 
siveness of adenylate cyclase to serotonin following 
irradiation (see below). 

Tritium-labeled LSD ([‘HILSD) was also used to 
investigate the photoreaction. We found that the 
affinity of the membrane receptors for [3H]LSD 
decreased gradually, when the aqueous stock sol- 

utions of [‘HILSD were exposed to white fluorescent 

light at room temperature. Similarly, when aqueous 
solutions of [3H]LSD were irradiated with longwave 
U.V. light, subsequent binding studies showed that 
the specific binding of [3H]LSD to membrane recep- 
tors decreased rapidly. This was naturally assumed 
to have been due to photoreaction of the LSD. 

Both LSD and S-HT have been shown to displace 
[3H]LSD binding in the cytoplasmic membranes of 
F. hepatica [25]. This was also the case in photo- 
labeling of the membranes with U.V. light and 
[3H]LSD. LSD and 5-HT decreased both total and 
specific covalent binding of the [3H]LSD upon long- 
wave U.V. irradiation. At 10mRM concentrations of 
[3H]LSD, no specific covalent binding of the ligand 
was observed in the presence of either 1O-J M LSD 
or lO_‘M 5-HT. These competition experiments 
were done under normal reversible binding condi- 
tions. Ultraviolet irradiation was carried out only 
after equilibrium was reached. The ability of un- 
labeled LSD at different concentrations (10-j to 
10-‘M) to inhibit both noncovalent and covalent 
binding was examined. The results showed that 
inhibition of covalent binding paralleled the decrease 
in noncovalent binding, indicating that the photo- 
covalent labeling occurred at the high affinity site(s). 

To ensure that the properties of the adenylate 
cyclase system were not changed as a result of U.V. 
irradiation, fluke membrane fractions were exposed 
to U.V. light in the absence of any exogenous ligands. 
Both 5-HT-stimulated adenylate cyclase activity and 
specific [‘H]LSD binding showed no decrease in 
membranes irradiated up to 30min with u.v. light 
compared to untreated control membranes. 
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Fig. 6. Denaturing SDS-gel electrophoresis of [‘H]LSD 
photolabeled proteins from membranes of F. hepuricu. As 
described in Materials and Methods. the labeled mem- 
branes were solubilized in 2% SDS and electrophoresed 
03 a slab gel. Preparative slices were cut across the gel and 
counted (u), representing 45C~500 ,ug of total applied 
protein. One lane was used for calibration proteins and 
another for irradiated [ZH]LSD in the absence of protein 
(W). KD denotes kilodaltons; T.D. represents the 
migration of the tracking dye. The apparent molecular 
weights of the two prominent bands were calculated by 
comparison with molecular weight standards in the same 

gel. 
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Although the photo-incorporated ligand could not 
be removed by successive washings or dialysis against 
buffer, detergent treatment solubilized the cova- 
lently bound [‘H]LSD adduct. Greater than 80% of 
the label in the membranes was released into a 
200.000 g supernatant fraction upon treatment with 
20 mM cholate detergent. and more than 95’; of the 
label was solubilized in the presence of 23 SDS. 
Analysis of labeled proteins by SDS-denaturing gel 
electrophoresis is seen in Fig. 6. in which at least 
two prominent bands are seen (100.000 and 36.000 
daltons). The incorporation of the label into two 
major bands indicates its specificity. 

The photoreactivity of LSD can be both helpful 
and detrimental to the investigator using it as a probe 
of receptor phenomenology. As is seen from the 
decreased bindins of the photodegradation products 
of [“HJLSD. si+mficant errors mav be introduced in 
the determination of affinities of receptor binding 
if the ligand has been exposed to light before or 
during binding experiments (Figs. 14). However, 
the photoreactivity may be beneficially utilized to 
photolabel and identify LSD binding proteins. All 
binding studies in which [‘H]LSD is utilized as a 
ligand should be carried out under red light or wave- 
lengths of light not absorbed by LSD. 

At this time little is known concerning the exact 
nature or mechanism of the LSD photoreaction. The 
photoreaction in the polar protic solvents. such as 
aster (Figs. 1 and 2) or in methanol or ethanol [29]. 
yielded at least one product containing an indole 
ring system similar to tryptophan. Saturation of the 
9.10-double bond would result in such a product. In 
their studies on the deriyatiles of LSD, Stall and 
Hofmann [2Y] reported that. when acidic solutions 
of LSD were exposed to intense u.v. light. addition 
of 1 molecule of water at the 9.10-double bond 
occurred, forming two isomers of lumi-LSD. The 
catalytic hydrogenation of the 9. IO-double bond has 
also been described (20.291. in which the resulting 
dihydrolysergic acid exhibited an absorption spec- 
trum [29] matching the photoreacted products in Fig. 
1, It appears that the major absorbing and fluorescing 
product of the photoreaction in neutral aqueous 
solution (pH 7.5) is spectrally similar to the lumi- 
LSD formed in acidic solutions. Hydration of the 
Y.lO-double bond as a result of the u.v.-irradiation 
offers an explanation for the slower rate of reaction 
in DZO as compared to Hz0 (kH/kD = 1.7), and for 
the fact that the products of the aqueous photo- 
reaction were significantly different from those 
formed in DMSO or CHCI,. The slightly retarded 
rate of the aqueous photoreaction in the presence 
of O2 may have been due to quenching of an excited 
state of the LSD. 

Separation of three components via G-50 gel fil- 
tration demonstrates that at least some of the prod- 
ucts of the [‘H]LSD photoreaction had substantially 
different chromatographic properties. These prod- 
ucts of the photoreaction exhibited binding, affinity 
that is different from that of the monomeric forms 
of LSD to proteins in particulate fractions of F. 
hepuricu. This may be a source of substantial errors 
in binding studies unless precautions are taken. 

Initially, our goal in studying the photoreactl\,it! 
of LSD and its derivati\,es M~S to utilize it ;I\ ;I 
labeling reagent for proteins that bind LSD in the 
liver fluke membranes. Since LSD is ewtr’emcl! \I,,- 

ceptible to racemization, isomerization. and decom- 
position under conditions used to form photoreactl\ c 
intermediates [3O]. we examined the pos\ibilit\ of 
using the inherent photoreactivity of the ~;cn- 

derivatized [‘H]LSD to label membrane protein\ that 
bind LSD. 

Figure 5 shows that, when [ ‘H]LSD \\a\ allowed 
to bind to fluke membranes and rxposed to lonpwa~~c 
U.V. light, a small amount of the ligand was bound 
very tightly to specific binding site(s) and could not 
be removed. Some of the LSD binding was rclcasecl 
following detergent disruption of the membrane. 
This SDS-solubilized fraction containing the labeled 
proteins routinely represented 3ONO%~ of the total 
photobinding. Another important observation \~as 
the fact that 10m3 M concentrations of 5-HT blocked 
the specific photobinding of [“HILSD. Due to the 
high affinity of LSD for the serotonin receptor in a 
variety of systems. including fluke membranes. this 
photolabeling technique might provide a method to 
visualize the solubilized receptors for the purpose 
of its isolation and characterization. 

One problem encountered with this technique I\ 
the rather low quantum yield of protein labeling. 
This is not an unusual problem when utilizing h~and\ 
for photolabeling which do not contain ~pec~hcall!~ 
designed photoreactive groups. One such case i\ ~t’n 
in the comparison between labeling purified 
phosphofructokinase with [X-‘HIcAMP [ 171 as com- 
pared to labeling the same protein with 0’ (eth! I- 
2-diazomalonyl)cAMP 1311. The diazodcrivati\,c of 
cyclic AMP labels phosphofructokina\e \vith a quan- 
turn yield of 0.3 to 0.5. while the [‘I l]cAMP quantum 
yield was roughly 3000 times less [ 171. Ferguson [ IX 1 
reported that the photoincorporation of the 
[?H]cAMP can be enhanced by irradiating the 
ligand-protein complex at low temperatures in a 
frozen state. yet the photolabeling efficiency remain\ 
substantially less than the diazoderi\ati\,c. No 
enhancement of photolabeling \vas observed b\ 
irradiation of our system at ~80” in the solid state. 
One complication associated with visualizing the 
LSD-binding proteins from E’. i~rp~/ic,rr u ;I\ the fact 
that the number of LSD-binding sites IS low. 

Despite the rather small amount\ of label incor- 
porated, the selectivity of the photolabeling procc\\ 
was demonstrated. This is sho\\.n b\ the fact that ;I 
large percentage of the incorporated lahcl appcarcd 
in distinct bands at 36.000 dalton\ and lO(1.000 
daltons of the electrophoretic gel. 

The question arises as to the functional slgniticance 
of the photolabeled proteins. The possibillt! of an\ 
of these proteins being the receptors that art‘ coupled 
to adenylate cyclase cannot be determined until thcsc 
proteins can be bioassayed in a reconstitution \y\tcrn 
showing the biological function of the\e Ireceptor\. 
namely serotonin/LSD mediated c!clasc acti\,atlon. 
Such a system is as yet not available. Neverthele\\. 
the selectivity of the photorcactile [ ‘~I]I,SD in 
labeling membrane proteins affords ;I po\verful bio- 
chemical probe for visualizing these protein\ in the 
solubilized state. Hopefull! thi\ technique still be 
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useful in identifying LSD-binding proteins in a var- 
iety of systems. 

14. R. J. Guillory. in Current Topics in Bioenergrt~cs (Ed. 
D. Rao Sanadi), p. 267. Academic Press, New York 
(1979). 
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