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ABSTRACT: Solid-state 13C M A S  N M R  spectra were obtained for dark-adapted bacteriorhodopsin (bR)  
labeled with [4'-I3C]Tyr. Difference spectra (labeled minus natural abundance) taken a t  pH values between 
2 and 12, and temperatures between 20 and -90 OC, exhibit a single signal centered at 156 ppm, indicating 
that the 11 tyrosines are  protonated over a wide p H  range. However, a t  pH 13, a second line appears in 
the spectrum with an isotropic shift of 165 ppm. Comparisons with solution and solid-state spectra of model 
compounds suggest that this second line is due to the formation of tyrosinate. Integrated intensities indicate 
that about half of the tyrosines are  deprotonated a t  p H  13. This result demonstrates that  deprotonated 
tyrosines in a membrane protein are  detectable with solid-state N M R  and that neither the bR568 nor the 
bRss5 form of bR present in the dark-adapted state contains a tyrosinate a t  pH values between 2 and 12. 
Deprotonation of a single tyrosine in bR568 would account for 3.6% of the total tyrosine signal, which would 
be detectable with the current signal-to-noise ratio. W e  observe a slight heterogeneity and subtle line-width 
changes in the tyrosine signal between pH 7 and pH 12, which we interpret to be due to protein environmental 
effects (such as changes in hydrogen bonding) rather than complete deprotonation of tyrosine residue(s). 

Bac ter iorhdops in  (bR),' the sole protein found in the purple 
patches of the cell membrane of Halobacterium halobium, 
functions as a light-driven proton pump (Oesterhelt & 
Stoeckenius, 1973). A retinal chromophore, linked to Lys-216 
by a protonated Schiff base (Bayley et al., 1981), imparts the 
characteristic purple color. Motivated by its importance as 
a member of the rhodopsin family and as an ion pump, and 
encouraged by its availability and stability, bR has been the 
focus of intense experimental scrutiny [for recent reviews, see 
Stoeckenius and Bogomolni (1982), Stockburger et al. (1986), 
and Terner and El-Sayed (1985)]. Chemical (Pettei et al., 
1977), resonance Raman (Lewis et al., 1974; Braiman & 
Mathies, 1980, 1982; Smith et al., 1984, 1985), FTIR (Argade 
& Rothschild, 1983; Rothschild et al., 1982; Bagley et al., 
1982), and solid-state NMR (Harbison et al., 1983, 1984a,b, 
1985a; Smith et al., 1989b) studies have shown that dark- 
adapted bR comprises a mixture of bR5552 and bR56s con- 
taining, respectively, 6-s-trans, 13-cis,l5-syn and 6-s- 
trans, 13-trans, 15-anti protonated Schiff base retinal chro- 
mophores. The functional light-adapted state contains only 
bRSb8 (Oesterhelt & Stoeckenius, 1974; Pettei et al., 1977; 
Scherrer et al., 1989). After absorption of a photon, a K 
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intermediate is rapidly formed (<lo  ps) by isomerization about 
the 13=14 double bond (Tsuda et al., 1980; Hsieh et al., 1981; 
Braiman & Mathies, 1982). This proceeds to the L inter- 
mediate, which subsequently deprotonates to form the M state 
(Lewis et al., 1974; Smith et al., 1983). Reprotonation and 
13-cis to all-trans isomerization regenerate the bR568 state. 

Many features of the structure of the retinal chromophore 
in these intermediates are well understood. However, the goal 
of understanding proton pumping remains elusive, largely 
because the structure and role of the protein in the photocycle 
have not been characterized. The ionizable amino acids are 
expected to be important participants in proton transfer. Of 
the acidic amino acids, the most acessible for spectroscopic 
purposes has been tyrosine, which possesses a characteristic 
UV absorption for optical studies and is easily isotopically 
labeled for FTIR and NMR studies. An ionized tyrosine could 
act as the Schiff base counterion or interact with other parts 
of the chromophore. Tyrosines and tyrosinates have also been 
placed in the putative proton wire (Nagle & Morowitz, 1978; 
Nagle & Tristan-Nagle, 1983; Nagle, 1987; Zundel, 1988), 
which is proposed to conduct protons between the Schiff base 
and the membrane surfaces. 

Several techniques have been utilized to detect the presence 
of tyrosinates at various stages of the bR photocycle. In many 
cases the results are inconsistent with one another. Some UV 
spectroscopic investigations show evidence for deprotonation 

' Abbreviations: bR, bacteriorhodopsin; bR568, all-trans component 
of dark-adapted bacteriorhodopsin; bR,,,, 13-cis component of dark- 
adapted bacteriorhodopsin;* MAS, magic angle spinning; NMR, nuclear 
magnetic resonance; FTIR, Fourier transform infrared; BPTI, bovine 
pancreatic trypsin inhibitor; Tyr, tyrosine; Lys, lysine; TMS, tetra- 
methylsilane. 

Scherrer et al. (1989) have remeasured the absorption maximum of 
the 13-cis component of dark-adapted bR and found it to have a maxi- 
mum at 555 nm rather than 548 nm. For that reason we will now use 
the new notation of bR,,, rather than the old convention of bR,,,. 

0006-2960/90/0429-5567$02.50/0 0 1990 American Chemical Society 



5568 Biochemistry, Vol. 29, No. 23, 1990 Herzfeld et al. 

of a tyrosine in the bR to M transition (Becher et a]., 1978; 
Bogolmoni et al., 1978, 1980; Hess & Kuschmitz, 1979; Fu- 
kumoto et al., 1984), and kinetic studies, monitoring UV and 
visible absorbance, indicate a pH dependence of the rate of 
formation of M that is attributed to the pK, of a tyrosine 
residue (Rosenbach et ai., 1982; Kalisky et al., 1981; Fukumoto 
et al., 1984). Subsequent UV studies, however, found that 
deprotonation of a tyrosine lags slightly behind the formation 
of M (Hanamoto et al., 1984) and that the rate of M for- 
mation is independent of pH. Scherrer and Stoeckenius (1 984, 
1985) suggested that it is not the rate of M formation that 
depends on pH but rather the varying amount of each of two 
types of M, a fast-forming and a slow-forming species, which 
accounts for the apparent pH dependence. 

In  all of the above UV experiments, light- or dark-adapted 
bR was photoactivated, and a tyrosinate was seen to appear 
on a time scale roughly proximal to that of M formation. The 
experiments, all of which were sensitive to the formation of 
a tyrosinate, showed no evidence for the disappearance of a 
tyrosinate already existing in bR,,,. Thus, while all of these 
results suggest that tyrosine plays a role in the proton pumping 
mechanism, the studies give no indication of the presence of 
a tyrosinate at pH 7 prior to light activation. 

Additional experiments, however, suggest the presence of 
a tyrosinate in bR568. FTIR and UV difference spectra have 
been interpreted to indicate deprotonation of a tyrosine in the 
conversion of bR,,, to bR568 (Dollinger et al., 1986; Roepe et 
al., 1988), protonation of a tyrosinate during the bR568 to K 
phototransition (Dollinger et al., 1986, 1987; Rothschild, 1986; 
Rothschild et al., 1986; Roepe, 1987a,b), and deprotonation 
of a tyrosine between bR,,, and M (Dollinger et al., 1986; 
Roepe et al., 1987a,b; Braiman et al., 1987). Subsequent 
studies of tyrosine mutants (Mogi et al., 1987) identify Tyr-185 
as the amino acid residue that is altered in the bR568 - K and 
bRS6* - M transitions (Braiman et a]., 1988). 

The existence of tyrosinate in bRS6* (or bR555) is a hy- 
pothesis that can be clearly and unambiguously tested by I3C 
N M R .  I t  has been known for many years that the I3C 
chemical shifts of aromatic ring carbons of phenols depend 
strongly on whether the phenol is protonated or deprotonated. 
In  particular, the isotropic shift of the carbon proximal to the 
hydroxyl group moves downfield by 8-1 2 ppm on deproton- 
ation. For example, results from I3C solution N M R  show a 
10.4 ppm shift change upon deprotonation of a tyrosyl residue 
in a small peptide (Norton & Bradbury, 1974). Using sol- 
id-state 13C NMR, we show here that a similar change (l(t14 
ppm) is observed in the isotropic shift of several model com- 
pounds, with the change concentrated primarily in the a22 
tensor element (30-40 ppm). A variety of model compounds 
were studied, including p-nitrophenol and its sodium salt, 
p-cresol and its sodium and potassium salts. and tyrosine and 
tyrosine ethyl ester. 

Partial titration of the tyrosine I3C N M R  resonances of a 
protein was first attempted by Maurer et al. (1974) for BPTI. 
However, complete titration was first accomplished by Wilbur 
and Allerhand (1976), who showed in several myoglobins that 
“surface” tyrosines gave p R s  close to those of free tyrosine 
and small tyrosine-containing peptides in solution (pK, lo), 
while “buried” tyrosines were essentially “untitratable” (pK, 
> 12.5). Those tyrosinates that were formed showed isotropic 
shifts approximately 9.6-1 1.2 ppm downfield from those of 
protonated tyrosine. These studies were carried out via solution 
N M R  methods, which in general have not been successfully 
applied to bR. However, solid-state N M R  techniques provide 
high-resolution spectra of intact, fully hydrated purple mem- 

brane (Harbison et al., 1984a,b, 1985a; deGroot et al., 1988, 
1989; Smith et al., 1989a,b; Engelhard et al., 1989). The 
present work reports the application of these methods to 
[4’-I3C]Tyr-bR, and in addition, difference spectra are utilized 
to help distinguish the labeled tyrosine signal from the natural 
abundance 13C signals. In contrast to the FTIR results, we 
find no evidence for tyrosinate in fully hydrated, dark-adapted 
bR, a t  ambient or low temperature. The chemical shifts of 
all the tyrosines in bR are essentially invariant between p H  
2 and pH 10, and only small changes occur as high as pH 12. 
At pH 13, where the protein begins to denature (Druckmann 
et al., 1982), tyrosinate formation is observed. Therefore, there 
is no evidence for tyrosinates in bR568 or bR,,,. 

MATERIALS AND METHODS 
Preparation of Model Compounds. L-Tyrosine hydro- 

chloride was obtained by dissolving L-tyrosine in hot 5 N HCI 
and cooling to 0 “C. L-Tyrosine ethyl ester was purchased 
from Sigma Chemical Co. (St. Louis, MO) and used without 
further purification. Sodium and potassium cresolates were 
prepared from p-cresol by addition of equimolar quantities of 
sodium hydroxide or potassium hydroxide, respectively, in 
aqueous solution followed by evaporation of the water. The 
cresolates were washed in dry ether and kept under vacuum 
for 2 h before use. Sodium tyrosinate was made by addition 
of sodium hydroxide solution to an aqueous solution of tyrosine. 
Crystals did not form readily so the solution was evaporated 
to dryness. The simple dipeptides L-Leu-L-Tyr and L-Tyr-L- 
Phe were purchased from Sigma and used without further 
purification. 

The p-nitro[ l-’3C]phenol was synthesized from [2-13C]- 
acetone (Cambridge Isotope Laboratories, Woburn, MA). 
The acetone was condensed with sodium nitromalonaldehyde 
following the procedure given by Drehman et al. (1961). The 
labeled p-nitrophenol was purified by chromatography on silica 
gel (E. Merck), with ether-petroleum ether (3:7 v/v) as eluant. 
Sodium p-nitro[ l-I3C]phenolate was prepared by the reaction 
of equimolar quantities of p-nitro[ l-13C]phenol and sodium 
hydride in solution with dry tetrahydrofuran under argon. 
Cold solutions of the two reactants were added slowly under 
stirring. The solution was left for 12 h at room temperature 
and then evaporated to dryness under vacuum. The dry red 
mass was recrystallized from water to produce p-nitro[ 1- 
’3C]phenolate tetrahydrate. 

Preparation of [4’-I3C7 Tyrosine. The [4’-13C]Tyr used to 
biosynthetically label bR was prepared from [ l-’3C]phenol by 
use of the @-tyrosinase activity of Erwinia herbicola (Enei et 
al., 1973). The [4’-13C]Tyr was purified by recrystallization 
from water, and characterized by ‘H N M R .  

The [l-’3C]phenol was synthesized from the p-nitro[l- 
I3C]phenol, which was prepared as described above. The 
purified nitrophenol was methylated and reduced to [ 1-l3C]- 
anisidine by the method of Viswanatha and Hruby (1979). 
The anisidine was dissolved in 3 M HC1, cooled to 0 O C ,  and 
then diazotized with a solution of sodium nitrite a t  0-4 “C 
for 1 h. The resulting diazonium chloride was then treated 
with 50% hypophosphorous acid and kept in the cold for 4-5 
days. Evolution of nitrogen was profuse during the first 24 
h. The labeled anisole was extracted with ether, purified by 
column chromatography over silica, and eluted with pentane. 
The solvent was evaporated carefully in a Vigreux column. 
The anisole was characterized by ‘H and 13C N M R  and then 
demethylated with a solution of BBr, in methylene chloride. 
The [l-’3C]phenol was extracted with the same solvent and 
washed with a saturated solution of sodium chloride. After 
careful evaporation of the solvent, the labeled phenol was 
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purified by chromatography over silica with petroleum eth- 
er-ether (9:l v/v) as eluant. It was characterized by ’H and 
13C NMR.  

The method described here for the preparation of phenol 
from nitrophenol utilizes methylation of the hydroxyl group 
for protection during diazotization. Walker et al. (1986) and 
Winkel et al. (1989) have subsequently succeeded in directly 
diazotizing the unprotected p-aminophenol. 

Preparation of bR Samples. The labeled tyrosine was in- 
corporated into purple membrane by growing Halobacterium 
halobium (JW-3) in a defined medium similar to that of 
Gochnauer and Kushner (1 969) except that all D-amino acids 
and NH4Cl were removed and all L-Tyr was replaced with a 
quarter as much ~ - [4 ’ - ’~C]Tyr  and a trace amount of L- 
[2’,6’-)H2]Tyr for monitoring incorporation. The purple 
membrane was isolated by the method of Oesterhelt and 
Stoeckenius (1 974) and analyzed by ammonia acetone ex- 
traction and by amino acid analysis. Over 80% of the ra- 
dioactivity was found in tyrosine, and the specific activity 
indicated that the tyrosines were about 60% labeled. 

The bR was titrated in two different ways. In the first, 
purple membrane was washed and suspended in buffers cov- 
ering the pH range of 1.95-1 1.2. In the second, purple 
membrane was suspended in deionized water, and the pH was 
raised from 7 to 13 with additions of small amounts of 5 X 
lo-* N sodium hydroxide. 

Buffers used for the pH titration were 100 mM phosphate 
(pH 7.2), 100 mM borate (pH 9.22 and 10.15), 100 mM 
carbonate (pH 11.2), and 100 mM oxalate (pH 4.45 and 1.95); 
the sodium salts were used in all cases. For the buffered series, 
80 mg of purple membrane was, in each case, washed once 
with 5 mL of distilled water, washed twice with the same 
volume of the appropriate buffer, and finally pelleted for 2 
h at 20000g. 

For the unbuffered series 35-60 mg of purple membrane 
was suspended in 35 mL of deionized water, and the pH was 
raised to 10.0, 10.9, 12.0, and 12.9 with N 
sodium hydroxide. The buffering capacity of the protein was 
taken into consideration by allowing the pH to equilibrate 
(approximately 5 min) after the addition of sodium hydroxide. 
The suspensions were pelleted for 2 h at 20000g. The pH of 
the supernatant was measured in each case to ensure that it 
had not changed significantly. The pH of the supernatants 
did not differ by more than 0.2 pH unit from that of the 
original suspensions. However, because of this modest vari- 
ability of the pH values for this unbuffered titration, we report 
only two significant digits for the pH. 

At each pH, absorption spectra were run immediately, after 
several hours, and after 1 day to monitor the integrity of the 
protein. The ratio of the absorbance at 280 nm to that at 560 
nm was used as a measure of denaturation or bleaching of the 
protein. On the basis of UV/vis spectra, the sample titrations 
appear to be reversible for pH < 13 and irreversible for pH 
>13. 

In  each case, the bR pellet was 
transferred to a 7-mm cylindrical single-crystal sapphire rotor 
(Doty Scientific, Columbia, SC). MAS NMR spectra were 
obtained at a field of 7.4 T (13C and IH frequencies of 79.9 
and 31 7.6 MHz, respectively), from a standard cross-polari- 
zation pulse sequence (Pines et al., 1973) with a mix time of 
2 ms, sample rotation rates of 2-5 kHz, and a decoupling field 
equivalent to 100 kHz. Use of a spinning speed controller 
(deGroot et al., 1988) held the speed of each sample fixed 
within f 5  Hz during the 6-1 2 h of data collection, permitting 
accurate subtractions of the natural abundance background 
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for difference spectra. The magic angle was checked peri- 
odically with an enriched glycine sample. Acquisition time 
varied from 10 to 40 ms, and typically, 20000 transients were 
accumulated per purple membrane spectrum and considerably 
fewer for model compounds. Recycle delays were 2 s for bR, - 10 s for crystalline tyrosine derivatives, and 100-200 s for 
cresol, cresolates, nitrophenol, and nitrophenolate. In each 
case the recycle delay was adequate to allow full relaxation 
(>5 IH Ti’s). The C-1 resonances of the cresol and cresolates 
were assigned by use of a delay without decoupling to suppress 
the signal of protonated carbons (Opella & Frey, 1979; Mu- 
nowitz et al., 1981). All isotropic shifts were referenced to 
external TMS. For the bR spectra we used a natural abun- 
dance background peak positioned at 55.8 ppm (relative to 
external TMS) as an internal calibration standard. This peak 
position is invariant with temperature and pH. The principal 
values of the chemical shielding tensors for the buffered bR 
samples and the model compounds were calculated from the 
sideband patterns at a minimum of two distinct spinning speeds 
in the range of 2.0-2.5 kHz by the method of Herzfeld and 
Berger (1980), using the CERN (Geneva) MINUIT fitting 
package (deGroot et al., 1989). For the unbuffered series, a 
spinning speed of 2.5 and/or 4.0 kHz was used. 

Spectra of the buffered samples were obtained at room 
temperature. To check for any irreversible changes in the 
protein, a spectrum at pH 7.2 was obtained both after the pH 
2.0 spectrum and after the pH 11.0 spectrum had been ob- 
tained. In both cases, there were no changes in the pH 7.2 
spectrum. 

Spectra of the unbuffered samples were obtained at room 
temperature and at low temperatures, cold (-20 to -90 “C) 
nitrogen gas being used to spin the sample (F. Creuzet, H. J. 
M. deGroot, P. J .  Allen, and R. G. Griffin, unpublished re- 
sults). The low temperatures freeze out any dynamic behavior 
of the tyrosine residues and ensure that they cross-polarize 
uniformly. No differences were seen in the tyrosine signal 
between the spectra of the room temperature buffered samples 
and of cold unbuffered samples. (Slight differences in the alkyl 
region are seen between room temperature and frozen spectra.) 
Difference spectra were obtained by subtracting the spectrum 
of a natural abundance (unlabeled) bR sample from each of 
the spectra of [4’-13C]Tyr-bR. The intensity and phase of the 
labeled bR spectrum were adjusted so as to provide the optimal 
subtraction of the natural abundance background signal in the 
labeled spectrum. This method permitted observation of the 
signal due only to the label and would therefore reveal any 
change in intensity which might occur in the region of the 
natural abundance carbonyl signal. The unlabeled spectrum 
was collected at the same temperature and spinning speed as 
the labeled spectra. The pH of the unlabeled sample was not 
varied. 

To compensate for varying sample size from one pH to the 
next, the intensity of each spectrum before subtraction was 
adjusted to match the natural abundance background signal, 
and the same unlabeled bR spectrum was subtracted from 
each. When analyzed in this fashion, the total integrated 
intensity of the lines in each difference spectrum is essentially 
constant. 

RESULTS 
In solid-state 13C N M R  spectra obtained for several model 

compounds, the isotropic chemical shift of the carbon proximal 
to the hydroxyl group moves downfield 10-1 4 ppm upon de- 
protonation of the hydroxyl group. Figure l shows spectra 
of p-nitro[ l-13C]phenol and sodium p-nitro[ l-13C]phenolate 
tetrahydrate. In addition to the downfield shift of the l-13C 
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Table I:  Isotropic and Anisotropic Chemical Shifts of the 
"C-OH/13C-O- Carbons of Model Phenol/Phenolate and Tyrosine 
Compounds and [4'-I3C]Tyr-bR" 

6, 6 1 1  62 )  

1 
I1 
I1 

c e n t e r  band 

lua Nilrophenolate l 

I J 

I , I I 

300 200 I00 0 
CHEMICAL SHIFT ( p p m  1 

FIGURE 1 : (Top) 79-MHz I3C M A S  spectrum of p-nitro[ l-13C]phenol 
in which the only signal visible is due to the labeled carbon proximal 
to the hydroxyl group. (Bottom) Spectrum of p-nitro[ l-13C]phenolate 
tetrahydrate, illustrating the shift of 11 ppm that occurs on depro- 
tonation of the I3C-OH. The  shift is localized primarily in the crZ2 
element of the tensor (see Figure 2). Spectra were taken at  room 
temperature with a spinning speed of 2 kHz. 

, 
~~ ~~ 

300 200 1 00 0 

CHEMICAL SHIFT (ppm) 

FIGURE 2: 13C chemical shift tensor elements (I) and isotropic chemical 
shifts ( i )  for the model compounds (a)  p-nitrophenol and (b)  p- 
nitrophenolate tetrahydrate. The u l l  and ~r~~ tensor elements a re  
insensitive to protonation state, whereas the u22 element moves 
downfield for the deprotonated species. 

centerband, we see the sideband intensity pattern is altered 
upon deprotonation. As shown in Table I and Figure 2 ,  this 
is a result of a large change in the u22 tensor element (37 ppm), 
with only minor changes (1-2 ppm) in the u I 1  and L T ~ ~  ele- 
m e n t ~ . ~  A similar effect is seen in the cresol model compounds 
(Table I) .  

Table I also includes the shift tensor elements for [4'- 
I3C]Tyr-bR at various pHs. This shift tensor information was 
obtained from difference spectra as illustrated in Figure 3. 
Figure 3 (top) shows a spectrum of [4'-I3C]Tyr-bR taken a t  
pH 6.8. This spectrum contains signal due to natural abun- 
dance I3C, in addition to signals due to the isotopically labeled 
tyrosine residues. Figure 3 (middle) shows a spectrum of an 
unlabeled bR sample (i.e., only the natural abundance 13C 
signal) obtained at the same spinning speed. The natural 
abundance spectrum shows the characteristic lines due to 
carboxyl groups around 176 ppm and the signal arising from 
alkyl carbons further upfield. Subtraction of the unlabeled 
spectrum from the labeled spectrum yields the difference 
spectrum shown a t  the bottom, which contains signals due 
solely to the 11 I3C-labeled tyrosine residues in bR. 

Figure 4 shows difference spectra obtained in a similar 
manner at pH 7, I O ,  12, and 13. The difference spectra taken 
a t  pH values between 2 and 7 (not shown) as well as those 

We have also seen multiple crystal forms of the anhydrous sodium 
p-nitro[ 1 -"C]phenolate, before recrystallization in water, which differed 
in their u22 tensor elements. 

cresol 
potassium cresolate 
sodium cresolate 
nitrophenol 
sodium nitrophenolate tetrahydrateb 
Tyr-HCI 
tyrosine ethyl ester 
tyrosine ethyl ester hydrochloride 
tyrosine 
sodium tyrosinate 
r-Leu-r-Tyr 
~ - T y r - r - P h e . H ~ O  
bR, pH 4.45 
bR, pH 7 
bR, pH 10 
bR, pH 13, Tyr 
bR, pH 13, Tyr- 

152.4 62 158 
166.1 61 204 
165.2 56 202 
164.5 63 172 
176.3 64 209 
152.6 59 158 
156.2 61 163 
158.0 56 167 
155.8 64 157 
165.4 66 186 
153.5 63 I51 
156.0 57 163 
156.2 73 158 
156.5 66 159 
156.1 65 159 
156.6 69 158 
164.9 67 182 

238 
233 
238 
258 
256 
24 1 
245 
252 
247 
244 
247 
248 
238 
245 
244 
243 
246 

"All shifts are referenced to external TMS. Typical errors for the 
isotropic (q )  and anisotropic (uii) chemical shifts are 10 .2  ppm and 1 5  
ppm, respectively. For the bR samples, where some heterogeneity is 
present, shifts are given for the dominant peak. bSee text footnote 3. 

4'- I3C, -Tyr - b R  

' I 1  LI 

U n l a b e l e d  bR 

I1 I i -- 

7 

200 lbo- 0 
CHEMICAL SHIFT ( p p m )  

FIGURE 3: 79-MHz solid-state I3C spectra of dark-adapted [4'- 
I3C]Tyr-bR a t  pH 6.8 (top) and of natural abundance bR (middle) 
and the difference spectrum resulting from appropriate scaling and 
subtraction (bottom). Spectra were taken at  3.5 kHz and 20 "C and 
result from accumulation of approximately 20  000 transients. The 
anticipated position for a tyrosinate centerband is indicated with an 
arrow. Inset spectrum above the difference spectrum is an expanded 
(five times) centerband showing the structure that we presume to be 
due to heterogeneity in the chemical environment of the Tyr's in bR.  

taken between pH 7 and pH 12 exhibit essentially a single 
signal for which the centerband is at 156.5 ppm. For spectra 
taken at the same spinning speed, the sidebands display a 
similar intensity pattern, indicating that the shift tensor ele- 
ments have similar values in the pH range from 2 to 12. 
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I O  I 
J 

I I 
200 I do 0 

CHEMICAL SHIFT (ppm) 

FIGURE 4: Difference spectra for 4’ I3C Tyr-bR obtained as described 

pH values of 7,  10, 12, and 13 for the four spectra (top to bottom). 
All spectra were taken a t  ca. -40 OC and a spinning speed of 4 kHz. 
Inset spectra are expanded (five times) centerband regions. At pH 
13, approximately half of the tyrosines appear to be deprotonated, 
as indicated by the intensity a t  175 ppm where the deprotonated Tyr 
signal is expected. Comparison of the pH 13 spectrum with those 
taken a t  pH 7-12 clearly shows that no tyrosinates are observable 
a t  or below pH 12. 

Comparison with the model compound data in Table I indi- 
cates that the bR signal for pH 1 1 2  is due to protonated 
tyrosine residues. 

A closer examination of the expanded centerband, shown 
in the inset on the right side of the pH 7 spectrum in Figures 
3 and 4, reveals a shoulder which is approximately 2 ppm 
downfield of the primary tyrosine line. The integrated intensity 
of this peak is -20% of the total integrated intensity of the 
main tyrosine signal, suggesting it is due to 2 of the 11 tyrosines 
in bR which reside in slightly different environments, perhaps 
due to H-bonding. In proteins with multiple Tyr residues, it 
is quite common to see a dispersion in 4’-I3C chemical shifts 
of a few ppm (Wilbur & Allerhand, 1976). In bR, a protein 
with 11 Tyr’s, it is perhaps surprising that there is not a larger 
inequivalence, and therefore more structure, in the Tyr line. 
The shift difference is too small to be interpreted as ionization 
of a tyrosine residue, except in an unusual situation where the 
equilibrium would be shifted heavily toward the protonated 
form and be independent of pH, as discussed below. 

The difference spectrum obtained at pH 13 is shown at the 
bottom of Figure 4. It is only under such extreme conditions, 
when the protein starts to denature, that intensity is observed 
at 9 ppm downfield. On the basis of the isotropic shift at 165 
ppm and the values of the tensor elements (see Table I), we 
assign this line to deprotonated tyrosine residues. The inte- 
grated intensities of the lines indicate that at pH 13 approx- 
imately 6 of the 11 tyrosines are deprotonated. 

In addition to the emergence of a tyrosinate line in the pH 
13 spectrum, more subtle changes are noted in the difference 
spectra with increasing pH. We observe line broadening from 
-1.0 ppm at  pH 7 t o  -2.0 ppm at pH 12 and 13. (See 
expanded centerbands in the insets on the right side of Figure 

i n  the caption for Figure 3; the \ -  3C-labeled sample was adjusted to 
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4.) This broadening conceals the tyrosine heterogeneity which 
is observed in the pH 7 and 10 spectra. 

As mentioned above, the intensities of the spectra were 
adjusted before subtraction so as to make the signal due to 
natural abundance background identical for each pH. This 
approach compensated for varying sample size and calibrated 
the spectra so that the intensities of the difference spectra in 
Figure 4 are directly comparable to one another. We find that 
the total integrated intensity of the tyrosine signal in each 
spectrum is approximately the same. The lower peak heights 
reflect the broader line widths a t  higher pH. 

Finally, we should mention that the spectra shown in Figures 
3 and 4 have been reproduced with four different samples and 
under a variety of experimental conditions, Le., temperature, 
cross-polarization times, and rf field strength. The low tem- 
peratures are particularly important, since here the motion of 
the tyrosines is frozen out and all 11 residues can be expected 
to be cross-polarized uniformly (Kinsey et al., 1981). In  no 
case have we found lines in the spectral region where tyrosinate 
is expected. 

DISCUSSION 
ProtonationlDeprotonation Effects on Phenolic Chemical 

Shielding Tensors. Salts of tyrosine with strong bases do not 
crystallize readily from aqueous solution, and therefore, sam- 
ples were prepared by evaporation of solutions of tyrosine at 
high pH. We also examined p-cresol and its sodium and 
potassium salts as representatives of a phenolic acidlconjugate 
base pair. The similarity between the p-cresol 1-C tensor and 
the corresponding 4-C tensors of tyrosine hydrochloride and 
tyrosine ethyl ester justifies the use of p-cresol as a model (see 
Table I). The chemical shielding tensors obtained from tyr- 
osine and sodium tyrosinate are also reported in Table I, 
despite the fact that the latter was not highly crystalline. 

The cresolate data show that the deprotonation effect ob- 
served at 1-C in solution N M R  spectra is reproduced in the 
solid state. Furthermore, the downfield shift is a result of an 
-40 ppm shift in the uZ2 element of the shielding tensor, with 
little effect on the other two tensor elements. This element 
has been assigned to the direction in the plane of the aromatic 
ring, perpendicular to the C-0 bond (Pausak et al., 1973; 
Veeman, 198 1). Such localized changes in shift tensors have 
been noted in the past (Pines et al., 1973; Harbison et al., 
1985a,b; Mehring et al., 1982, Terao et al., 1984; deGroot et 
al., 1989) and may indeed prove to be the rule rather than the 
exception. 

In nitrophenol the isotropic shift and shift tensor elements 
are about 9 ppm downfield from the corresponding elements 
for tyrosine. This is due to the effect of the nitro group, which 
extends the conjugated system and alters the electron density 
at the hydroxyl carbon. However, nitrophenol displays a 
similar change in uZ2 upon deprotonation. For this reason, we 
included p-nitrophenol and sodium p-nitrophenolate with our 
other model compounds. 

We also include in Table I the chemical shift tensors for 
the 4’-carbon of Tyr in two simple unlabeled dipeptides, L- 
Leu-L-Tyr and L-Tyr-L-Phe. The similarity of the shift tensors 
to that of Tyr implies that crystal packing and other inter- 
molecular interactions do not drastically affect the tensors in 
the simple model compounds. Furthermore, it demonstrates 
that substituent effects are not important and hence that simple 
phenols are good model compounds. 

I3C Chemical Shifts of [4’-I3c] Tyr-bR. Figure 3 shows the 
pH 6.8 13C MAS spectra of [4’-I3C]Tyr-bR and unlabeled bR, 
and the difference between the two. The intense downfield 
resonance deriving from the 11  13C-labeled tyrosine residues 
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is quite apparent. Figure 4 shows the -50 to 300 ppm region 
of difference spectra obtained in a manner similar to that 
illustrated in Figure 3. In  the pH 7 spectrum, the only sig- 
nificant resonances lie in the 156-1 58 ppm region, where the 
signals of protonated tyrosines fall. There are no additional 
peaks around 165-1 67 ppm, the expected resonance position 
of a deprotonated tyrosine. Furthermore, none of the dif- 
ference spectra obtained a t  pH values between 2 and 12 
(Figure 4 and data not shown) contain any resonances that 
could be attributed to tyrosinate. Finally, the principal values 
of the shielding tensors derived from rotational sideband in- 
tensities of the spectra taken a t  pH values of between 2 and 
12 correspond closely with those of the protonated tyrosines 
(Table I ) .  Thus, we see no evidence for a tyrosinate in 
dark-adapted bR within 5 pH units on either side of neutrality. 
On the other hand, at pH 13 (see also Figure 4), we do observe 
an additional line a t  165 ppm that corresponds to deproton- 
ation of 6 out of the 1 1  tyrosine residues in bR. This obser- 
vation demonstrates the ability to detect tyrosinates in proteins 
by solid-state N M R .  

The present N M R  results are difficult to reconcile with 
FTIR and UV results, which have been interpreted as indi- 
cating the presence of tyrosinate (Dollinger et al., 1986; 
Rothschild, 1986; Rothschild et al., 1986; Roepe et al., 
1987a,b, 1988; Braiman et al., 1987, 1988). We have sys- 
tematically explored several experimental avenues-low tem- 
peratures where the interference of molecular motion with 
cross-polarization will be minimal and varied cross-polarization 
times, rf field strengths, sample pH, etc.-on multiple samples 
in an effort to detect a tyrosinate signal in dark-adapted bR. 
To date, the N M R  spectral results have been highly repro- 
ducible and give no indication of the presence of a long-lived 
tyrosinate at pH 5 12. Thus, if tyrosinate occurs in bR568, it 
must be rare or short-lived. One may envision three possi- 
bilities under which it would occur. (1)  If only a small fraction 
of the bRS6* molecules contain a tyrosinate, then this would 
be difficult to detect with the NMR.  On the basis of prelim- 
inary studies of light-adapted samples (Thompson et al., 1990; 
A. E. McDermott, L. K. Thompson, M. R. Farrar, C. Winkel. 
S. K.  Das Gupta, J .  Lugtenburg, J. Herzfeld, and R. G .  
Griffin, unpublished results) that fraction would have to be 
very small and, therefore, might be of little significance for 
a pumping mechanism. (2) It is possible that bR568 in dark- 
adapted samples may differ from the bR568 in the light-adapted 
samples studied optically. In particular, it is possible that, if  
a Tyr- were formed during the photocycle, it could reprotonate 
more slowly than the chromophore relaxes to the all-trans 
configuration. Thus, Tyr- might still be detected in bR568 of 
photocycling samples but not in bR568 of static dark-adapted 
samples. Results of N M R  experiments to be described in 
future publications indicate that the same argument would 
have to be applied to bR568 trapped a t  low temperatures in 
light-adapted samples (Thompson et al., 1990; McDermott 
et al., unpublished results). (3) It is possible that bR568 
contains tyrosinate only for a small fraction of the time-i.e., 
that there is a tyrosine residue in rapid exchange between 
protonated and deprotonated states, with the equilibrium 
shifted toward the Tyr form. The shoulder shown in the inset 
of Figures 3 and 4 at 2 ppm below the main Tyr signal could 
possibly represent such a residue. The small shift from the 
main line dictates that the population of the deprotonated form 
be <20% and not change significantly over 5 pH units. As 
mentioned previously, it seems more likely that this shoulder 
is due to the dispersion of Tyr signals commonly observed in 
proteins with multiple tyrosine residues. 
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Our titration of dark-adapted bR indicates an apparent 
tyrosine pK of - 13, typical of buried residues. However, due 
to the net negative charge of the purple membrane, the pH 
at the membrane surface is lower than that in the bulk, to a 
degree that depends on the amount and type of salt in the 
solution. For the ionic condition that we have used (- 100 
mM monovalent electrolyte), the discrepancy may be on the 
order of 2 pH units (Szundi & Stoeckenius, 1989). Thus, it 
would be premature to deduce from our titration that the 
tyrosines of bR are all buried. Another titration in the presence 
of high concentrations of divalent cations would be required 
to obtain a better estimate of the p r s  of the tyrosines in bR. 

CONCLUSIONS 
(1) Solid-state I3C N M R  data on a number of model com- 

pounds (including p-nitrophenol, sodium p-nitrophenolate 
tetrahydrate, p-cresol, sodium and potassium cresolates, tyr- 
osine, sodium tyrosinate, tyrosine hydrochloride, L-tyrosine 
ethyl ester, L-Leu-L-Tyr, and L-Tyr-L-Phe) yield isotropic 
chemical shifts for the 13C-OH/13C-O- in good agreement 
with solution N M R  results. For each homologous pair, the 
phenoxide exhibits an isotropic chemical shift value 10-14 ppm 
downfield from the corresponding phenol; analysis of MAS 
sideband intensities indicates that these shifts arise from a 
30-40 ppm downfield shift in the C T ~ ~  element of the shift 
tensor. 

(2) The [4’-I3C]Tyr-bR samples prepared a t  p H  2-12 ex- 
hibit a single I3C solid-state N M R  resonance due to the labeled 
tyrosine and no signal attributable to tyrosinate. The tyrosine 
signal exhibits some structure, characterized by shifts of less 
than 2 ppm. We presume that this structure is due to het- 
erogeneity in the chemical environment and not to deproton- 
ation. 

(3) At p H  13, a signal due to tyrosinate appears 9 ppm 
downfield from the tyrosine signal, with an amplitude corre- 
sponding to approximately half of the tyrosines present. Signal 
intensities indicate that the sensitivity for detection of a tyr- 
osinate is comparable to that for a tyrosine and that within 
our current signal-to-noise ratio one-third of one tyrosinate 
per bR molecule would be detectable. 

(4) Finally, we conclude that in dark-adapted bR there is 
less than one-third of one tyrosinate per bR molecule at pH 
values less than 12 and therefore that it is unlikely that either 
bRSS5 or bR568 contains a tyrosinate at pH values less than 12. 

Registry No. Tyr, 60-18-4; [4’-I3C]Tyr, 81201-90-3; TyrSHCI, 
16870-43-2; Tyr ethyl ester, 949-67-7; Tyr ethyl ester hydrochloride, 
4089-07-0; TyraNa, 16655-52-0; L-Leu-L-Tyr, 968-21-8; L-Tyr-L- 
Phe.H20, 88374-56-5; cresol, 13 19-77-3; potassium cresolate, 
12002-5 1-6; sodium cresolate, 34689-46-8; nitrophenol, 25 154-55-6; 
sodium nitrophenolate tetrahydrate, 126901-46-0; [2-I3C]acetone, 
388 1-06-9; sodium nitromalonaldehyde, 126901-44-8; p-nitro[ 1 - 
13C]phenolate tetrahydrate, 126901-43-7; [ l-13C]phenol, 29809-1 1-8; 
p-nitro[ I-13C]phenol, 3881-07-0. 
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ABSTRACT: The major form of the oligosaccharide of hen phosvitin was studied with two-dimensional IH 
N M R  of the intact glycoprotein. Its structure was determined from an analysis of the chemical shifts of 
the structural reporter groups, and it was further confirmed by comparison to several related model oli- 
gosaccharides. The oligosaccharide is N-linked and is present in a 1:l stoichiometry to the protein. I t  has 
a complex type 1 triantennary structure with two NeuAccu2,6Galp1,4GlcNAc~1,2 arms linked to the Man-4 
and Man-4' and a third GalP1,4GlcNAcp1,4 a rm attached to the Man-4. The oligosaccharide contains 
the common core sequence which is present in all N-linked glycoproteins [Mancul,3(Mancul,6)- 
Man/31,4GlcNAc~1,4GlcNAc/31,N]. In the course of this study, we have found that unique spin systems 
for the GlcNAc and NeuAc are obtained for spectra recorded in 90% H20. Their NH peaks were assigned 
at  low pH, and these assignments proved useful for confirming the identity of cross-peaks in the anomeric 
region. In addition, the protons of GlcNAc-1 could be correlated to the N H  of the asparagine link. The 
cross-peak patterns determined in phase-sensitive 2D experiments for the H 1 ,H2 protons have a different 
appearance for each type of monosaccharide, and this information was also used for making first-order 
assignments. A comparison with model compounds suggests that  the solution conformation of the oligo- 
saccharide is not affected by its attachment to the protein. 

Phosvi t in  is a highly phosphorylated glycoprotein which is 
found in  the lipovitellin complex in the egg yolks of fish and 
birds. In response to hormones, the protein is synthesized in 
the liver as part of the large vitellogenin precursor (Tata, 
1976). The precursor is glycosylated at a number of sites and 
is phosphorylated in the liver, from where it is transported via 
the bloodstream to the developing embryo (Taborsky, 1983). 
The vitellogenin complex is subsequently taken up into the 
oocytes, and here it is cleaved by specific proteases into a 
number of proteins including phosvitin which contains a single 
glycosylated site. The characterization of a glycosylated 
peptide (Shainkin & Perlmann, 1971a,b) from hen phosvitin 
was carried out almost 20 years ago at a time when no ex- 
tensive knowledge of the biosynthesis of these compounds was 
available (Kornfeld & Kornfeld, 1985). In view of our present 
understanding of N-linked oligosaccharide sequences, the 
structure obtained from this initial study contains a highly 
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unusual core sequence, and no successful attempts have since 
been made to reexamine this structure. The amino acid se- 
quence of the major form of phosvitin has been deduced from 
the DNA sequence (Byrne et al., 1984), and this confirmed 
that the protein sequence at  the glycosylation site was -Am- 
X-Ser- which is common to all N-linked glycoproteins. 

We have been working on the assignment of the proton 
nuclear magnetic resonance (NMR)' spectra of phosvitin using 
two-dimensional NMR techniques in an attempt to learn more 
about the nature of this unusual polyelectrolyte protein. In 
the course of this work, we detected a number of well-resolved 
cross-peaks which could be attributed to the oligosaccharide 
portion of the protein. Vliegenthart et al. (1983) have de- 
veloped a proton NMR method for determining the compo- 
sitions, sequences, and anomeric linkages of complex oligo- 

I Abbreviations: COSY, correlated spectroscopy; NMR,  nuclear 
magnetic resonance; DQF, double quantum filter; TQF, triple quantum 
filter; RECSY, relayed correlated spectroscopy; HOHAHA, homonu- 
clear Hartmann-Hahn; NOESY, nuclear Overhauser enhancement 
spectroscopy; GlcNAc, N-acetylglucosamine; Man, mannose; Gal, ga- 
lactose; NeuAc, neuraminic acid (sialic acid); H I ,  anomeric proton; H3a, 
axial H3 proton; TSP, sodium 3-(trimethylsily1)propionate-2,2,3,3-d4. 
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