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ABSTRACT Alkaline phosphatase (EC 3.1.3.1) contain-
ing m-fluorotyrosine has been prepared from E. coli
grown in the presence of m-fluorotyrosine. The kinetic
properties of the m-fluorotyrosine enzyme measured with
p-nitrophenylphosphate at pH 8.0 and dinitrophenyl-
phosphate at pH 5.5 are essentially the same as those of
normal alkaline phosphatase. However, the ability of the
m-fluorotyrosine protein to refold active enzyme after acid
denaturation, while unchanged at pH 5.8, was markedly
decreased at pH 7.6. This result implies that the tyrosines
must be in their protonated form for the protein to re-
fold, reassociate, and take on zinc. The 19F nuclear mag-
netic resonance spectrum of m-fluorotyrosine alkaline
phosphatase contains resolved resonances corresponding
to different chemical environments for each m-fluoro-
tyrosine in the folded protein. This demonstrates that
19F nuclear magnetic resonance spectroscopy of enzymes
specifically labeled with 19F, even with enzymes as large
as alkaline phosphatase (molecular weight, 86,000), will
provide a very valuable probe for conformational changes
in proteins.

High resolution nuclear magnetic resonance (NMR) methods
offer a powerful tool for the elucidation of the structure and
function of proteins (1). When resonances in a protein NMR
spectrum can be resolved and assigned to individual nuclei
in the protein, these resonances then serve as probes of the
structure, chemical state, and dynamic properties (in terms
of reaction and molecular motion) of the protein in solution.
To date, most applications of NMR have used 1H NMR,
since 'H is the most sensitive nucleus with respect to signal
intensity, and 1H chemical shifts, coupling constants, and
relaxation times are the best understood. However, 1H chem-
ical shifts are confined to a narrow 10-ppm range so that even
at high frequencies (100-300 MHz), the 1H NMR spectra of
all but the smaller proteins are unresolved envelopes.

Several approaches have been used to simplify protein 1H
NMR spectra, including specific proton insertion of the pro-
tein (2), difference NMR methods (3), and the use of NMR
"shift reagents" (4). The usefulness of these methods, how-
ever, is still limited by the intrinsic narrow chemical shift
range of 'H NMR, especially for larger proteins where the
NMR linewidths are correspondingly larger.
One alternative approach is to prepare a protein specifi-

cally labeled with another nucleus (5). The advantages of 19F
as a label are severalfold. First, the sensitivity of '9F NMR is
only slightly lower than that of 'H NMR. This sensitivity loss

(nt 17%) is offset, in part, by the elimination of the dynamic
range problems associated with 1H Fourier transform NMR
that are caused by the residual HDO resonance from the sol-
vent (6). Second, 19F NMR chemical shifts are much larger
than 1H NMR chemical shifts, reflecting the much greater
sensitivity of 19F chemical shifts to the chemical environment
of the nucleus (7). Third, 19F NMR can be obtained in H20
rather than in D20. The 19F NMR spectrum of a specifically
labeled protein will therefore be simpler in terms of the number
of resonances present, more spread out in chemical shift, and
a more sentitive indicator of conformational changes in the
protein.
The protein that we have chosen to study is the alkaline

phosphatase (EC 3.1.3.1.) produced by Escherichia coli. This
enzyme is a zinc metalloprotein consisting of two identical
subunits, and an extensive body of information has accumu-
lated over the past 10 years concerning its structure and func-
tion (see ref. 8). It offers the additional advantage that the
bacterial system can be manipulated to allow for almost ex-
clusive incorporation of a fluorine-containing amino acid into
protein and for the production of enzyme primarily during
that portion of the cells' growth when the analogue is present.
In previous studies with E. coli alkaline phosphatase, ana:
logues of arginine (canavanine), histidine (2-methylhistidine
and triazolealanine), proline (azetidine-2-carboxylate), phenyl-
alanine (fluorophenylalanine), and tryptophan (azatryptophan
and tryptazan) have been inserted into the enzyme with vary-
ing results. Only analogues of the latter two natural amino
acids allowed active enzyme to be formed (9, 10). All others
produced aberrant, inactive subunits (10). In the current
study, we prepared enzyme from bacteria grown in the pres-
ence of fluorotyrosine. We wished to determine whether the
fluorotyrosine residues in a protein as large as E. coli alkaline
phosphatase (molecular weight = 86,000) would be useful as
NMR probes for analyzing conformational changes in proteins.

MATERIALS AND METHODS

Fluorotyrosine alkaline phosphatase was isolated from a
tyrosine auxotroph of E. coli W3747 (American Type Culture
Collection No. 27256) (11). Cells were transferred from agar
plates containing a Tris-buffered minimal salts medium (12)
supplemented with L-tyrosine (20 ug/ml) and L-methionine
(20 ug/ml), 0.2% glucose, and Pi (6 X 10-4 M) to flasks con-
taining the same media, except that the tyrosine and Pi were
replaced with pepticase (Sheffield Scientific Co., at 5 mg/ml).
This amount of pepticase provided a level of Pi equal to 1.5 X

469

Abbreviations: NMR, nuclear magnetic resonance; UV, ultra-
violet; NOE, nuclear Overhauser enhancement.



Proc. Nat. Acad. Sci. USA 71 (1974)

* (
E

z

c0

To
V]

240
TIME (min )

FIG. 1. Cell growth and alkaline phosphatase formation in
presence of fluorotyrosine. Refer to Methods for details of culture
growth and composition of medium. The arrow indicates time
of addition of the analogue. 0, cell density; --- -0, en-

zymatic activity.

10-4 M and ityrosine at 2 X 10-5 M determined from bac-
terial growth experiments. (The value for tyrosine is much
lower than the mM value reported by the supplier.) Flasks
were incubated at 370 and growth was recorded as absorbancy
at 540 nm. At approximately 2-4 hr after the end of the ex-

ponential growth phase, m-fluoro DL-tyrosine (Aldrich Chem.
Co.) was added to a final concentration of 7.5 X 10-5 M,
and 2 hr later the culture was harvested. For large scale prepa-

ration of enzyme, flasks containing 200- to 500-ml cultures in
exponential growth were added to 50 liters of the media de-
scribed above in a Fermacel (New Brunswick); fluorotyrosine
was added under the same conditions as described above.
Enzymatic assays for alkaline phosphatase activity (13) were

measured on sonically-disrupted 1-ml samples taken at inter-
vals during growth of the culture. Alkaline phosphatase was

purified according to published procedures starting with
formation of spheroplasts prepared with lysozyme-EDTA
followed by column chromatography on DEAE-cellulose and
gel filtration on Sephadex G-100 (12). The final preparations
were judged greater than 90% pure enzyme on the basis of
acrylamide-gel electrophoresis and amino-acid analysis.

Amino-acid analyses were determined on samples that were

hydrolyzed with 6 N HCl under reduced pressure for 28 hr.
Trifluoroacetyl-n-butyl ester derivatives of the amino-acid
hydrolysate were prepared and analyzed by gas chromatog-
raphy under conditions that allowed for good separation of
tyrosine and fluorotyrosine, according to procedures de-
veloped by Dr. Craig Warren (unpublished experiments).
Separate analyses were performed on identical protein samples
with a Spinco 120 C amino-acid analyzer according to estab-
lished procedures (14), but fluorotyrosine did not show a

distinctive peak with the latter method.
19F NMR spectra were obtained on a Varian XL-100-15

NMR spectrometer operating at 94.1 MHz for '9F, and locked
on the 2H resonance of the solvent (D20). The 19F chemical
shifts were determined relative to an external capillary of CF3-

TABLE 1. Comparison of amino-acid compositions of normal
and fluorotyrosine alkaline phosphatases

Normal Fluorotyrosine Ratio
nmol* N/Ft

Alanine 0.0709 0.0837 0.85
Valine 0.0138 0.0205 0.67
Glycine 0.0709 0.0838 0.85
Isoleucine 0.0116 0.0129 0.89
Leucine 0.0487 0.0534 0.91
Proline 0.0277 0.0297 0.93
Threonine 0.0384
Serine 0.0435 0.0461 0.94
Methionine 0.0066 0.0048 1.37
Phenylalanine 0.0154 0.0189 0.81
Aspartic 0.0760 0.0868 0.87
Glutamic 0.0720 0.0727 1.00
Lysine 0.0415 0.0401 1.03
Tyrosine 0.0171 0.0051 0.90§
Fluorotyrosine 0.0226t 0.0189

* Determined by gas chromatography of trifluoroacetyl-n-
butyl ester derivatives (see Materials and Methods).

t Ratio of the weight of Normal (N): Fluorotyrosine (F) en-
zyme analyzed = 0.90.

t This amount was added as free fluorotyrosine (prior to
hydrolysis) to a sample of normal enzyme.

§ Amount of tyrosine + fluorotyrosine was used to calculate
this ratio. 73% of total (tyrosine + fluorotyrosine) was fluoro-
tyrosine.

COOH, and have not been corrected for bulk diamagnetic
susceptibility changes between samples. The 900 pulse length
for 19C Fourier transform NMR was 14 usec, corresponding
to yHR - 18,000 Hz, which is much greater than the spectral
range observed. For large numbers of transients, spectra were
accumulated by "block averaging." Typically, blocks of 128
transients were collected, weighted by an exponential ("sensi-
tivity enhancement") filter function, Fourier transformed, and
then averaged using double-precision arithmetic. The ambient
temperature in the probe was 310C. 1H decoupling experi-
ments were performed with a Varian Gyrocode decoupler.
In this configuration, the transmitter coil is double-tuned to
94.1 and 100 MHz and the 90° pulse length for 19F-Fourier
transform experiments is slightly lengthened. However, the
receiver section remains narrow-banded for 94.1 MHz and no
noise is introduced into the 19F spectrum from the 'H de-
coupling.
pHs in D20 were measured with a Beckman Expanomatic

pH meter; pD is equal to meter reading plus 0.4 units (15).
D20 was used to facilitate our initial proton decoupling ex-

periments and to remove intermolecular dipole-dipole line
broadening that would occur with the solvent H20.

RESULTS
Preparation

The effective incorporation of fluorotyrosine into bacterial
proteins and the formation of an enzyme in which most tyro-
sines were replaced with fluorotyrosine required, first, the iso-
lation of a tyrosine auxotroph. Calender and Berg (16) showed
that fluorotyrosine could substitute for tyrosine and be in-
corporated into protein, but the Km of the tyrosyl-tRNA syn-
thetase for m-fluoro-Dityrosine (1.3 X 10-4M) was some 20-
fold higher than that for ityrosine (6.1 X 106M). Thus,
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FIG. 2. UV Difference Spectra between metal-free and zinc

alkaline phosphatase. The reaction was carried out in matched

double cell cuvettes in which one chamber of each cuvette con-

tained 1 ml of mg/ml of enzyme in 0.05 M Tris HCl, pH 7.4

buffer and the other chamber contained only buffer. To the
chamber containing enzyme in one cuvette and chamber con-

taining buffer in the other cuvette were added 10 Al of 1 AM nitril-
otriacetic acid in 0.0,5 M Tris- HCl, pH 7.4 buffer. To the other
two chambers were added 10 gl of buffer. The scans recorded
were made on the Cary 14 UV spectrophotometer, wavelength
between 310 and 260 nm, 60 min after addition of chelator.
---, normal enzyme; , fluorotyrosine enzyme.

fluorotyrosine added to the media of a prototrophic strain
would compete poorly with endogenous tyrosine for the acti-
vating enzyme and would not be effectively incorporated into
protein.
To insure that the alkaline phosphatase isolated from the

bacterial cell contained mostly fluorotyrosine, we established
conditions such that synthesis of this protein began only when
the fluorotvrosine was in the culture medium. Fig. 1 shows
the bacterial cell-growth pattern and alkaline phosphatase
formation under the conditions found to maximize fluoro-
tyrosine incorporation. Levels of Pi and tyrosine were adjusted
so that cells starved for tyrosine at a concentration of Pi low
enough to insure induction of enzyme on subsequent addition
of fluorotyrosine. Under normal conditions, the Pi level of the
culture media must be reduced to the order of 10-5 M to in-
duce enzyme synthesis (17).

Purification of enzyme obtained from 50-liter batches of
cells was carried out according to procedures established for
the normal tyrosine enzyme. The final yield of pure enzyme

was on the order of 50 mg, a value that is only 10% that ob-
tained for normal enzyme. The low yield reflects the limited
capacity of the bacterial cell to make enzyme in the presence

of fluorotyrosine as the only source of tyrosine. The amino-
acid composition of purified fluorotyrosine alkaline phos-
phatase very closely resembled that of the purified normal
enzyme and showed that about 70% of the tyrosine had been
substituted (Table 1).

Properties

One effect of the presence of fluorotyrosine was to change the
extinction coefficient of the enzyme, measured at 280 nm;

fluorotyrosine exhibited an AO"% = 0.90 based on amino-
acid analysis of the measured sample compared to the AO"%
= 0.77 recorded for the normal enzyme (18). The kinetic
properties of the fluorotyrosine enzyme measured with p-nitro-
phenylphosphate at pH 8.0 and dinitrophenylphosphate
at pH 5.5 using stopped-flow measurements were essentially
the same as those recorded for normal alkaline phosphatase.
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FIG. 3. Effect of pH on reactivation of acid-denatured alka-
line phosphatase. For renaturation at pH 7.6, 0.1 ml of enzyme
solution (8 mg/ml) was added to 0.9 ml of HCJ (0.01 N) at 230.
All measurable activity was lost after 10-15 min. To this solu-
tion was added 0.5 ml of 1 M Tris- HCl, pH 8.0, to give a final
pH of 7.6. The solution was incubated at 370 and samples were
assayed for activity. For renaturation at pH 5.8, the above pro-
cedure was repeated except that 1 M 2-(N-morpholino) ethane-
sulfonic acid (MES, Nutritional Biochemical Corp.) pH 6.25,
was used in the renaturation reaction. O-O, fluorotyrosine
enzyme, pH 7.6; 0*, fluorotyrosine enzyme, pH 5.8; A- - -A,
normal enzyme, pH 7.6; ----A, normal enzyme, pH 5.8.

Turnover numbers of 1400 mol of p-nitrophenylphosphate
per mol of enzyme per min were recorded for both species of
enzyme. Both fluorotyrosine and tyrosine alkaline phospha-
tases were stable to heating at 900 for 30 min in the presence
of 10 mM Mg++, and both forms of the enzyme could be
reversibly denatured by treatment with nitrilotriacetic acid
(19) or by acidifying the protein to pH 2.0 (20).
The fluorotyrosine eyzyme, however, exhibited some proper-

ties that were distinct from those of the tyrosine enzyme.
When normal alkaline phosphatase is treated with the chela-
tor nitrilotriacetic acid, zinc is removed from the enzyme,
destroying its catalytic activity (19), and an ultraviolet (ITV)
difference spectrum is generated between active and Zn++-
free enzyme that shows three major peaks, one at 280 nm, one
at 286 nm and one at 298 nm (Fig. 2). The fluorotyrosine
enzyme treated with nitrilotriacetic acid shows a difference
spectrum with four peaks, at 276, 282, 287, and 298 nm, with
differences in extinction coefficients compared to the normal
enzyme. The difference spectrum noted with tyrosine enzyme
represents changes in the hydrophobic environment of six to
eight tyrosines per enzyme and probably one tryptophan
(the 298-nm peak) as the metal is removed. Some of this
change may reflect the interaction of Zn++ with a tyrosine
group in the active enzyme (19).
Another important difference was the decreased ability of

the fluorotyrosine protein to reform active enzyme after acid
denaturation when the renaturation process was carried out
at pH 7.6 (Fig. 3); normal enzyme rapidly reforms active
enzyme at this pH value. Lowering the pH to 5.8, however,
allows for total recovery of fluorotyrosine enzyme activity.
The most likely interpretation of this result is that tyrosine
residues must be in their protonated form in order for the
alkaline phosphatase subunits to fold, reassociate, and take
on zinc. Data from previous experiments on renaturation of
active alkaline phosphatase from unfolded subunits indicated
that the environment of eight of the eleven tyrosines in each
of the subunits became more hydrophobic during the process
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FIG. 4. (A) 19F NMR spectrum of 1.7 X 10-2 M m-fluoro-DL
tyrosine in 0.3 M Tris-HCl buffer (in D20), pD 9.9; 256 tran
sients, acquisition time = 0.8 sec. (A') Simulated '9F NMR spec-
trum of m-fluoro-DL-tyrosine, 3J(F3,H2) = 13 Hz, 4J(F3,H,) =
8 Hz, As = 3 Hz. (B) 19F NMR spectrum of 6 mg/ml of fluoro-
tyrosine alkaline phosphatase in 6 M guanidine- HCl, pD = 7.3;
8633 transients, acquisition time = 0.3 sec, sensitivity enhance-
ment filter function = 0.1 sec. (B') simulated spectrum of de-
natured fluorotyrosine alkaline phosphatase, parameters are the
same as (A') except AP = 20 Hz.

of refolding, reassociation, and zinc activation of the apodimer
(21). The fluorine atom shifts the pK of the hydroxyl group
in fluorotyrosine to about two pH units below that in tyrosine
(S. E. Halford, private communication); thus, at pH 7.6
many of the fluorotyrosines in the subunit would be negatively
charged and possibly unable to fold into a hydrophobic region
of the protein.

NMR spectrum

The '9F NMR spectrum of m-fluoro-Dityrosine is shown in
Fig. 4A. The '9F resonance appears as a quartet due to cou-
pling to hydrogens on the ring; this quartet pattern collapses
upon double irradiation at the 1H NMR resonance frequency
of the ring protons. The coupling constants used in the simu-
lated spectrum (Fig. 4A') were J(F3,H2) = 13 Hz, J(F3,H5) =
8 Hz. The linewidth used in the simulated spectrum (3 Hz)
indicates the presence of a small unresolved splitting from HE.
The '9F NMR spectrum of fluorotyrosine alkaline phos-

phatase in 6 M guanidine HC1 (in D20, pH - 7) is shown in
Fig. 4B. The single 19F resonance observed indicates that the
protein is denatured to the extent that all 11 fluorotyrosines
per monomer (molecular weight 43,000) have the same chem-
ical environment. The linewidth of this resonance narrows to
16 ± 4 Hz upon double irradiation at the 1H NMR resonance
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FIG. 5. 19F NMR spectrum of 25 mg/mnl of fluorotyrosine
alkaline phosphatase, 0.3 M Tris-HCl buffer (in 250 1, of D20),
pD = 8.3; 352 blocks of 128 transients each, acquisition time =
0.2 sec, pulse delay between transients = 1.3 sec, sensitivity
enhancement filter function = 0.1 sec.

frequency of the ring protons. This is the same, within experi-
mental error, as the linewidth (about 20 Hz) determined from
the simulated spectrum (Fig. 4B') for the individual reso-
nances of the overlapping quartet in the spectrum without 1H
double irradiation.
The '9F NMR spectrum of fluorotyrosine alkaline phos-

phatase in 0.3 M Tris - HCl (in D20) at pH 7.9 is shown in Fig.
5. In contrast to the spectrum of the denatured enzyme, the
spectrum of the enzyme in its native state contains many
resonances, corresponding to a different chemical environ-
ment for each fluorotyrosine in the folded structure. The
chemical shifts for the fluorotyrosines are spread over a range
of 1200 Hz. The areas of the peaks, normalized to the area of
the peak labeled 1, are given in Table 2. All of the resonances
may not have their full intensities, however, if the delay be-
tween transients (1.5 sec.) in the accumulated spectrum was
not much longer than the T,'s of all of the protein resonances
(see below). Nor is it necessary from a chemical viewpoint that
there be 11 resonances of unit area corresponding to the 22
fluorotyrosines in the dimer; for example, the dimer may be
asymmetric. The fact that there are at least 10 resolved
resonances with a total area corresponding to on the order of
11 tyrosines per monomer is therefore very encouraging. The
resonance labeled 8 is more clearly resolved in spectra with
different intensities taken at shorter pulse delays (W. E. Hull,
private communication).
Upon double irradiation at the 'H NMR resonance fre-

quency of the ring protons, the 19F NMR spectrum of the
native enzyme disappears. This is the result of a negative
nuclear Overhauser enhancement (NOE) (22) and indicates
that the fluorotyrosines in the native enzyme have a correla-
tion time characterizing their rotational motion that is much
greater than the reciprocal of their NMR resonance fre-
quency; that is, they are tumbling at a rate appropriate for
a molecule of the size of alkaline phosphatase. Assuming that
the 19F relaxation is dominated by intramolecular dipole-
dipole interaction with the adjacent ring proton modulated by
the rotational tumbling of the enzyme, the fractional NOE
can be written for unlike spins (I = '9F, S = 'H) as:

area (with 'H irradiation) - area (without 'H irradiation)
area (without 'H irradiation)

'YH 5 + 5COI 2r2+ 6(wi-ws)2T2- (CIo+ -S)2 )2+6wI2(CoI- s2(+)+4-+C +2(-I+ WS)2 i + -

iFo1 + 7c0I2T2 + 4(wi 5W12T2 +6(WIS)2T2 +6os2r2 + 6Sw2(w4 -W,)2T4+ WS2(c4 +3(wi S)2+(-' + CS)2r4
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TABLE 2. Relative areas of the resonances in the '9F NMR
spectrum of fluorotyrosine alkaline phosphatase in 0.3 M Tris*

HCI (in D20), pH = 7.9 (See Fig. 5.)

Peak Relative Area
1 1.0±0.3*

2-5 3.740.3
6-9 3.4±0.3
10 0.8 ± 0.3
11 0.7±0.3

* Estimated experimental errors.

where YH and yF are the gyromagnetic ratios for 1H and '9F,
respectively; w, = 'YFHO = 2r - 94.1 . 106 cycles, as = yHHo =
27r- 100 106 cycles; and r is the rotational correlation time
for the intramolecular dipole-dipole interaction. A value for
r of the order of 10-8 see is calculated for a protein of this size
from the Stokes-Einstein-Debye equation. For W,2(WI +
Ws) 2r4 >> I, the fractional NOE becomes ~-1 correspond-
ing to loss of the 19F NMR signal. Given the conclusion that
WI22 >> 1, the Ti's of the protein 19F NMR resonances can
become long (23) (T, 0.1 - 1.0 sec, W. E. Hull, private
communication), indicating the necessity of sufficiently long-
pulse delays during spectrum acquisition if area measure-
ments in the final spectrum are desired.
Even without assignment of the peaks in the 19F NMR

spectrum of the fluorotyrosine enzyme, there are several in-
teresting features. The most obvious is that the resonances
that are shifted the most downfield also have the greatest
linewidths. One explanation is that these resonances corre-
spond to tyrosines that are buried inside the protein and,
therefore, experience a hydrophobic environment, resulting in
their downfield chemical shifts, and are the least mobile. In
addition, these tyrosines may be making the most contacts
with other protein 1H nuclei.
There seems no question therefore that the 19F spectrum of

this enzyme will provide a very valuable probe for conforma-
tional changes in the enzyme, particularly when these data
are correlated with information about the three-dimensional
structure of the protein, currently being obtained by x-ray
crystallographic analyses (24), and with the knowledge of the
complete amino-acid sequence that is also currently under in-
vestigation (12). For E. coli alkaline phosphatase two kinds of
conformation changes are of interest: (1) those involved in the
catalytic mechanisms and the role of Zn++, and (2) those in-
volved in subunit interactions. Preliminary results with
fluorotyrosine alkaline phosphatase treated with chelator to
remove metal show that the 19F NMR spectrum is distinctly
different from the spectra of the fully denatured protein and
the fully active enzyme that are reported here. Future com-
munications will describe these differences as well as those
expected to be generated from other conformations of this
enzyme.
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