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Summary 

19F NMR relaxation studies have been carried out on a fluorotryptophan-labeled E. coli periplasmic 
glucose/galactose receptor (GGR). The protein was derived from E. coli grown on a medium containing 
a 50:50 mixture of 5-fluorotryptophan and [2,4,6,7-2H4]-5-fluorotryptophan. As a result of the large y- 
isotope shift, the two labels give rise to separate resonances, allowing relaxation contributions of the 
substituted indole protons to be selectively monitored. Spin-lattice relaxation rates were determined at 
field strengths of 11.75 T and 8.5 T, and the results were analyzed using a model-free formalism. In 
order to evaluate the contributions of chemical shift anisotropy to the observed relaxation parameters, 
solid-state NMR studies were performed on [2,4,6,7-2H4]-5-fluorotryptophan. Analysis of the observed 
19F powder pattern lineshape resulted in anisotropy and asymmetry parameters of A~ =-93.5 ppm and 
11 = 0.24. Theoretical analyses of the relaxation parameters are consistent with internal motion of the 
fluorotryptophan residues characterized by order parameters S 2 of ~1, and by correlation times for 
internal motion ~ 10 -H s. Simultaneous least squares fitting of the spin-lattice relaxation and line-width 
data with ~ set at 10 ps yielded a molecular correlation time of 20 ns for the glucose-complexed GGR, 
and a mean order parameter S 2-- 0.89 for fluorotryptophan residues 183, 127, 133, and 195. By contrast, 
the calculated order parameter for FTrp 284, located on the surface of the protein, was 0.77. Significant 
differences among the spin-lattice relaxation rates of the five fluorotryptophan residues of glucose-com- 

�9 1~I83 '1~t27 -D133 1~195 ~, "l~ TM plexed GGR were also observed, with the order of relaxation rates given by: ,-~v >--JF ---~v ~- -~  "'~z. 
Although such differences may reflect motional variations among these residues, the effects are largely 
predicted by differences in the distribution of nearby hydrogen nuclei, derived from crystal structure 
data. In the absence of glucose, spin-lattice relaxation rates for fluorotryptophan residues 183, 127, 133, 
and 195 were found to decrease by a mean of 13%, while the value for residue 284 exhibits an increase 
of similar magnitude relative to the liganded molecule. These changes are interpreted in terms of a 
slower overall correlation time for molecular motion, as well as a change in the internal mobility of 
FTrp TM, located in the hinge region of the receptor. 

Introduction 

t9F N M R  is increasingly used to probe structural and 
conformational features of  proteins too large for JH N M R  
analysis (Gerig, 1994, and references cited therein). Typi- 
cally, such proteins are grown on media containing fluor- 
inated amino acids, al though other fluorination strategies 

have also been used. Despite early concerns about the 
significance of  chemical shift anisotropy relaxation mech- 
anisms for fluorinated macromolecules, surprisingly well- 
resolved spectra have often been obtained at fields up to 
11.75 T (Luck and Falke, 1991a-c; Hoeltzli and Frieden, 
1994) and for high molecular weights (Hull and Sykes, 
1974,1975b; Browne and Otvos, 1976; Gerig et al., 1983; 
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Peersen et al., 1990; Hinds et al., 1992). In order to devel- 
op optimal labeling strategies and to characterize molecu- 
lar dynamics, additional characterization of the relaxation 
behavior of fluorinated macromolecules would be useful. 
As initially demonstrated by Moreland and Carroll (1974), 
the measurement of the relaxation rates for simultaneous- 
ly observed molecular isotopomers can provide unique 
insights into molecular dynamics and relaxation mechan- 
isms. In such studies, all physical parameters for the 
different isotopically labeled species are identical, except 
for the interactions that vary with the isotopic species 
being observed. No analyses of this type appear to have 
been done for fluorine, presumably due to the difficulty 
of simultaneously introducing ~sC and 19F labels, and to 
the fact that no other primary isotope effect would be 
achievable. 

In this paper, we note that 7-isotope effects resulting 
from deuteration of vicinal protons are sufficiently large 
to permit the separation of 19F resonances, even in rela- 
tively large macromolecular systems. We have utilized this 
strategy with the glucose/galactose periplasmic receptor 
protein of E. coli, a soluble protein of MW = 33 370. 
Previous studies by Luck and Falke (1991a-c) show that 
the resonances corresponding to the five fuorotryptophan 
residues of 5FTrp-labeled GGR are well resolved, particu- 
larly for the glucose-ligated form of the receptor. The 
labeling protocol involves growth of the protein on a 
medium containing equal concentrations of 5-fluorotrypto- 
phan and [2,4,6,7-2H4]-5-fluorotryptophan. This approach 
provides a theoretical basis for the separation of intra- 
residue and interresidue contributions to the relaxation 
parameters. Field-dependent relaxation measurements and 
solid-state NMR studies have been performed in order to 
obtain a better understanding of tryptophan dynamics. 

Materials and Methods 

D,L-5-fluorotryptophan was obtained from Sigma (St. 
Louis, MO). The [2,4,6,7-2H4]-D,L-5-fluorotryptophan was 
either obtained from Isotec, Inc. (Miamisburg, OH), or 
was prepared using published procedures (Griffiths et al., 
1976; Matthews et al., 1977) for tryptophan deuteration. 
The techniques used to generate and isolate the FTrp- 
labeled receptor have been described previously (Luck 
and Falke, 1991a), the only modification being the substi- 
tution of a 50:50 mixture of the D,L-5-fluorotryptophan 
and [2,4,6,7-2H4]-D,L-5-fluorotryptophan in the growth 
medium. 

19F NMR measurements were done on the purified en- 
zyme in a buffer containing 10% D20 for the deuterium 
lock, 0.5 mM CaC12, 100 mM KC1, and 10 mM Tris-HC1, 
pH 7.1. ~9F spectra at 470 MHz were obtained on a GN- 
500 NMR spectrometer (GE NMR, Fremont, CA), and 
340 MHz spectra were obtained on an NT-360 spectrome- 
ter (Nicolet Magnetics Corp., Fremont, CA). All NMR 

studies were performed at 25 ~ The Rw values summar- 
ized in the tables are averages of two separate determina- 
tions, and the variation was generally < 10%. In several 
cases, measurements were repeated 3-4 times on different 
enzyme preparations, and standard deviations ranged 
from 5 to 16%. T 1 measurements were done using an in- 
version-recovery sequence. In order to investigate the pos- 
sible interconversion between folded and denatured en- 
zyme, the fluorine resonance(s) of the latter were selecti- 
vely inverted using a DANTE pulse sequence (Morris and 
Freeman, 1978). CHARMm calculations were performed 
on a Silicon Graphics Indigo XS-4000 workstation. 

Initially, dynamic variables were estimated assuming 
rigid, isotropic motion of the glucose-GGR complex. 
Subsequently, dipolar and chemical shift anisotropy con- 
tributions to the t9F relaxation of the fluorotryptophan- 
labeled complex were modeled using a 'model-free' spec- 
tral density formalism (Lipari and Szabo, 1982), and the 
ranges of dynamic variables consistent with the observed 
relaxation parameters were determined. Finally, dynamic 
variables were optimized by minimizing an error function 
defined as the sum of the squares of the fractional differ- 
ences between calculated and experimental relaxation 
parameters: 

Error = ~[(pexp_ p~a,c) / p~xp]2 (1) 
i 

The relaxation contributions of the indole protons were 
isolated by measurements of the relaxation-rate differ- 
ences between the protonated and deuterated fluorotryp- 
tophan residues. Using the abbreviation Rw(i) v for the 
fuorine spin-lattice relaxation rate in the 5-fluorotrypto- 
phan (i = H) or deuterated 5-fluorotryptophan (i = D) re- 
sidues at NMR frequency v (in MHz), the three parame- 
ters used in the minimization were RIF(H) 47~ RIF(D) 47~ 
Rw(H) s4~ R1F(D) 34~ and the CSA line-width contribu- 
tion, wCSA Since the resulting error function was found 

" "  1 / 2  " 

to be fairly insensitive to the value of % the correlation 
time for internal motion, for values near 10 ps, x~ was 
fixed at this value and only the molecular correlation 
time, *~a, and the order parameter, S 2, were varied in the 
minimization. 

Solid-state 19F NMR spectra of a powder sample of 
[2,4,6,7-2H4]-D,L-5-fluorotryptophan were performed on 
a Varian UnityPlus 500 MHz spectrometer at 25 ~ using 
a spin-echo pulse sequence. To ensure constant excitation 
over the fluorine bandwidth, short rf pulse lengths of 2 
and 4 [is were used. Such an approach minimizes distor- 
tion due to the finite pulse power (Rance and Byrd, 1983). 
A total of 360 FIDs were averaged, left-shifted three 
times to center the echo about the time origin, and phased 
such that the real and imaginary components were purely 
absorptive and dispersive, respectively. A 1-kHz exponen- 
tial line-broadening was applied prior to Fourier trans- 
formation. Theoretical solid-state powder spectra were 
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Fig. 1.19F NMR spectrum (470 MHz) of the E. coli glucose/galactose 
receptor (GGR) grown on a medium containing a 50:50 mixture of  5- 
fluorotryptophan and [2,4,6,7JH4]-5-fluorotryptophan. The spectrum 
corresponds to the GGR-glucose complex. The resonances correspon- 
ding to FTrp ~27 and FTrp ~33 show additional splitting due to a slow 
conformational exchange process. This splitting is not well resolved 
for FTrp ~27, while for FTrp m the splitting is 0.65 ppm. Hence, the 
FTrp ~33 resonances actually appear as three resolved signals, with the 
component furthest upfield overlapping one of  the FTrp 284 resonances. 
The resonances marked with an asterisk correspond to denatured 
protein, while other minor peaks arise due to complexation of the 
GGR with small amounts of  sugars other than glucose. Other sample 
parameters are: [GGR]= 1.2 mM, T=25 ~ 10% D20 for the deuteri- 
um lock, 0.5 mM CaCI 2, 100 mM KC1, and 10 mM Tris-HC1, pH 7,1. 

generated by the convolution of the lineshape function 
generated as described by Mehring (1976) with a Gaussian 
function, using a program written in MATHEMATICA. 

Results 

The E. coli GGR consists of two domains which come 
together to form the sugar binding pocket (Vyas et al., 
1988). It contains five tryptophan residues at positions 
127, 133, 183, 195, and 284. Trp ~83 is located in the bind- 
ing pocket on the surface of one of the domains, so that 
it is in van der Waals contact with the D-glucose upon 
binding. Yrp 127 and Trp 133 are located at the base of the 
calcium-ion binding site, and are split into two resonan- 
ces, presumably as a consequence of conformational 
heterogeneity, which is slow on the NMR time scale. The 
p r o t o n - c o u p l e d  19F NMR spectrum of the GGR-glucose 
complex grown on a medium containing a 50:50 mixture 
of D,L-5-fluorotryptophan and [2,4,6,7-2H4]-D,L-5-fluoro - 
tryptophan is shown in Fig. 1. The glucose complex was 
selected for analysis due to the considerably better resol- 
ution of the tryptophan resonances in this state. As is 
apparent from this figure, each of the fluorine resonances 
which appear in the 19F NMR spectrum of the 5-fluoro- 
tryptophan-labeled enzyme (Luck and Falke, 1991a) is 
now doubled. The observed isotope-shift value of -0 .58  
ppm is approximately double the value o f -0 .262  ppm, 
which has been reported for each ortho-deuterium substi- 
tution in the [3,5-2H2]-4-fluorobenzenesulfonyl fluoride 
(Ando et al., 1986), and is also consistent with the 7-deu- 
terium isotope shifts observed in fluoroethanes (Osten et 
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al., 1985). The resonances due t o  FTrp 133 now appear as 
three separate peaks due to the combined effects of the 
conformational shift (Av = 0.65 ppm) and the isotope 
shift, with the resonance furthest upfield overlapping one 
of the FTrp 284 resonances. 

Since a significant fraction of the protein in these sam- 
ples was found to be denatured, the possible significance 
of exchange between the folded and unfolded forms of 
the GGR was investigated using magnetization transfer. 
The resonance corresponding to the denatured fluoro- 
tryptophan-labeled GGR was selectively inverted using a 
DANTE pulse sequence (Morris and Freeman, 1978), and 
a series of spectra were obtained after a variable time 
period during which magnetization transfer could take 
place. No significant intensity variations for the reson- 
ances of the glucose-complexed GGR were observed, 
indicating that any possible interconversion between the 
folded and unfolded GGR occurs at rates much slower 
than the fluorine spin-lattice relaxation rate of the dena- 
tured protein (1.23 s-~). 

It is in principle possible that the substitution of a 
fluorotryptophan residue by a tryptophan residue could 
significantly destabilize the protein. If this were the case, 
it might be expected that such a destabilization effect 
would be position-dependent, with the result that the 
fluorotryptophan substitution level at the different posi- 
tions would vary considerably. Three separate measure- 
ments performed on two different GGR samples yielded 
intensity ratios of 19%:23%:20%:19%:19% for 5FTrp 
residues 183:127:195:133:284, with the standard deviation 
for each below 2%. Hence, there appears to be a mar- 
ginally greater labeling at position 127, but in general, no 
large variations are observed. 

Spin-lattice relaxation rates for the resolved resonances 
of the fluorotryptophan/deuterated fluorotryptophan- 
labeled enzyme were determined at 470 MHz and at 340 
MHz using standard inversion-recovery sequences. Al- 
though cross-relaxation effects would be expected to lead 
to nonexponential spin-lattice relaxation, the data fit well 
to single-exponential recovery curves. The relaxation rates 
are summarized in Table l. From these data, several 
trends are apparent: (i) FTrp 127, FTrp 133, and FTrp 195 

TABLE I 
19F SPIN-LATTICE RELAXATION RATES OF FLUOROTRYP- 
TOPHAN RESIDUES IN THE E coli GLUCOSE/GALACTOSE 
RECEPTOR 

Residue Rw(H) 47~ RIf(D) 47~ A Rw(H) 34~ RIF(D) 34~ A 

FTrp Is3 1.91 1.51 0.40 3.44 2.92 0.52 
FTrp 127 1.34 0.91 0.43 2.80 1.72 1.08 
FTrp 195 1.40 0.95 0.45 2.77 1.75 1.02 
FTrp m 1.35 1.07 0.28 2.26 1.72 0.54 
FTrp 2~4 0.95 0.57 0.38 1.67 1.01 0.66 

Average ~ - - 0.39 - - 0.79 

" Without FTrp 2~. 
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TABLE 2 
LINE WIDTHS OF RESOLVED TRYPTOPHAN RESONANCES 

R e s i d u e  Wl/2 a Wl/2 b Wl/2 c 

FTrp '83 H 60 25.6 34 

D 54 19.1 35 
FTrp t27 H 53 17.0 36 

D 46 10.0 36 
FTrp 195 H 62 19.9 42 

D 55 13.2 42 
FTrp z84 H 39 9.6 29 

D 29 3.1 26 

" Mean line widths (in Hz) at 470 MHz after subtraction of  the 25-Hz 
exponential broadening function. The mean standard deviation was 
15%. 

b Theoretical dipolar contribution based on crystal-structure distances, 
including protons within 5 ,~ of  the fluorine nuclei, and assuming 
zM = 23 ns, no internal motion. 

c After subtraction of  the theoretical dipolar contribution. 

exhibit similar relaxation rates, while FTrp 183 exhibits 
significantly greater relaxation rates, and FTrp TM exhibits 
significantly lower relaxation rates; (ii) the relaxation 
rates are significantly higher at the lower field strength. 
Using the abbreviation R~v(i) v for the fluorine spin-lattice 
relaxation rate in the 5-fluorotryptophan (i = H) or deu- 
terated 5-fluorotryptophan (i = D) residues at NMR fre- 
quency v (in MHz), the ratio R~F(H)34~ 47~ averaged 
for each residue is 1.86 + 0.17. The corresponding R IF(D)34~ 
Rw(D)47~ 1.81 +0.13, so that the ratio determined at the 
two field strengths is not significantly changed by deuter- 
ation; (iii) the relaxation rate difference between the pro- 
tonated and deuterated fluorotryptophans, which is theor- 
etically the simplest parameter to interpret, has mean val- 
ues of 0.39 S -1 and 0.79 s ~ at 11.75 T and 8.5 T, respec- 
tively, where the FTrp TM values have not been included in 
the average, as discussed below; (iv) a comparison of the 
Rw(H ) values and the RIF(H ) -R1F(D ) values indicates 
that, although the intraresidue indole protons make a 
significant contribution to the observed relaxation, the 
dominant dipolar relaxation contribution arises from 
interactions with protons on other residues; and (v) the 
observed line widths are remarkably narrow, given the 
high field strength used and the expectation of significant 
broadening due to chemical shift anisotropy. 

T h e  19F spectra of 5FTrp-labeled GGR demonstrate 
the feasibility of obtaining useful spectroscopic data for 
relatively large proteins at high field strengths. The line 
widths of the well-resolved resonances are summarized in 
Table 2. After subtraction of the 25-Hz exponential broad- 
ening, line widths in the range of 46-62 Hz are obtained 
for FTrp 183, FTrp 127, and FYrp 195, while narrower reson- 
ances are observed for FTrp TM. Dipolar contributions to 
the line width at half height, WIj 2, calculated on the basis 
of the crystal structure as discussed below, have also been 
determined in order to consider more quantitatively the 
CSA broadening contributions. 

Molecular correlation time 
Assuming isotropic diffusion and no significant inter- 

nal motion of fluorotryptophan residues 127, 133, 183, 
and 195, the average R1F(H)-R~v(D) value of 0.39 s -~ at 
500 MHz corresponds to a correlation time for overall 
molecular tumbling of xM = 24 ns. The underlying calcula- 
tions are discussed below in greater detail. The analogous 
difference of 0.79 s -~ measured at 340 MHz corresponds 
to a similar xM = 22 ns. Assuming xM o, MW, these values 
are in good agreement with the available literature. For 
example, rotational correlation times of 76 ns for alkaline 
phosphatase (T = 28 ~ MW = 86 000; Hull and Sykes, 
1975b), and 9.3 ns for FK binding protein (T = 30 ~ 
MW = 11 800; Cheng et al., 1994) would correspond to 
"cM values of 29 and 26 ns, respectively, for a protein of 
MW = 33 370. The rotational correlation time can also be 
derived from the field-dependent R~ ratios: RIF(H)34~ 

R1F(H)  47~ and R1F(D)34~ 47~ Assuming only di- 
polar relaxation and isotropic motion, setting zM = 23 ns 
(= 112(22 ns+24 ns)) corresponds to a ratio of 1.83, which 
agrees well with the values obtained for either the pro- 
tonated or deuterated fluorotryptophan residues, as noted 
above. Further refinement of the dynamic variables was 
performed as discussed below. 

Dipolar contributions to the relaxation rates 
Although IH-19F cross-relaxation effects should in 

principle lead to nonexponential relaxation, the spin-lat- 
tice relaxation behavior for the fluorine nuclei was found 
to approximate reasonably an exponential recovery curve. 
Theoretical simulations using a heteronuclear relaxation- 
matrix treatment were performed in order to evaluate this 
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3. \ ,  - - -  

o.8 0 0 
0 0 0 0 

A11 o.6 v ~ , ,  19 F 1H 1H 1H 

o.4 "'2".,, . . . . . . . . . .  

0.2 . . . . . .  

, , , , , , , , . . . .  , - - - - .  

5 I0 15 20 

Time (s) 

Fig. 2. Theoretical calculations of  the spin-lattice relaxation behavior 
for a proton-fluorine heteronuclear spin system. The calculations 
correspond to the diagonal elements of a NOESY matrix, so that the 
relaxation behavior is normalized to decay from 1.0 to 0, nucleus 1 is 
t9F, and nuclei 2 through n are ~H. Calculations correspond to an 
isolated proton-fluorine spin pair at a distance of  2.5 A ( - - - ) ,  to 
four spins in a line with internuclear distances of 2.5 A, with the first 
spin corresponding tO ~gF, as shown in the inset ( -  . - ) ,  to the four- 
spin system with an additional relaxation sink of 1 s -~ added to the 
relaxation matrix for each proton spin ( . . . .  ), and finally to an 
exponential decay corresponding to e R~,t, where R~, is the first ele- 
ment of  the relaxation matrix ( ). 



behavior more fully. The elements of the relaxation ma- 
trix are derived from the relations: 

2 ~ / 2 ' ~ / 2  ~'l 2 

P H F  ~ - -  15 reF 
s H(s .+ l ) [  J(m v - m n ) + 3 J ( m v )  

+ 6 J ( ~ r  +OJH )] 

P D F  - -  

2 2 2 2 7DYF h 

15 r~,v 
- -  so (SD + 1)[ J(mv --COD ) + 3J(mF ) 

+6J(mF +roD)] (2) 

2 ~ / 4 h 2  

P.mj 15 r 6 
H i H i 

SH (SH + l)[J(0)+ 3J(m H )+ 6J(2m H )] 

2 
OHF=  r0F SH (SH+l) [6J(mu+OF)--J (mu--m F)] 

2 ItCh 2 
G n'ni 15 r 6 

Hill  i 

SH (SH + 1)[6J(2r ) -  J(0)] 

where for isotropic rotational-diffusive motion: 

J(r = "c / [1 + (r 2] (3) 

where s, = 1/2, s D = 1, and the diagonal elements are 
sums over the PH~F or PHiHj values. The diagonal elements 
of the resulting NOESY matrix are calculated using 
standard matrix-diagonalization procedures as described 
(e.g. by Gerig, 1980; Keepers and James, 1984; Massefski 
and Bolton, 1985), to obtain a NOESY intensity matrix, 
A = exp[-R~]'Ao, where "c is the mixing time. The diagonal 
elements correspond to the spin-lattice relaxation of the 
nuclei, normalized to decay from 1.0 to 0, and the matrix 
is set up so that A u corresponds to the fluorine nucleus. 
For an isolated mF-tH spin pair with internuclear distance 
rHv= 2.5 lk, assuming isotropic motion characterized by a 
correlation time ZM = 23 ns, a markedly nonexponential 
curve is obtained, corresponding to an initial decay of 
~50% of the intensity, as the initial 19F excitation is 
shared with the nearby proton (Fig. 2). The subsequent 
decay of the magnetization proceeds very slowly, requir- 
ing hundreds of seconds, since the spectral density com- 
ponents for this system corresponding to ~M = 23 ns do 
not provide an efficient pathway to the lattice. A second 
simulation shows the effects of having several protons 
arranged in a line, as illustrated in Fig. 2. In this case, the 
initial approximately exponential decay lasts until -25% 
of the initial excitation remains. Thus, the effect of the 
large number of protons in the protein system essentially 
uncouples the relaxation behavior, so that a simple decay 
curve with a relaxation rate approximately equal to R~L, 
the first element of the relaxation matrix (see below), is 
obtained. This can be taken into account by using addi- 
tional protons or, as illustrated by the dotted curve, by 
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adding a proton-relaxation sink corresponding to a rate 
of 1 s <, as is typically invoked for protein systems (Ishi- 
ma et al., 1991). Hence, the effect of the large number of 
protein spins combined with rapid spin diffusion is to 
uncouple the fluorine spin-lattice relaxation so that ap- 
proximately exponential behavior is observed. Similar 
conclusions for fluorotyrosine-containing proteins have 
been derived by Hull and Sykes (1975a). 

Based on the above discussion, the spin-lattice relax- 
ation of the 19F probe nucleus will be exponential, with a 
rate constant which is essentially a sum over all proton- 
fluorine dipolar interactions: 

RIF(H) = ~pHi F (4) 
i 

where the sum extends over all of the protons in the 
protein. For the mF nuclei in the deuterofluorotrypto- 
phan-labeled system, the corresponding fluorine spin- 
lattice relaxation rate will be given by: 

4 

where the index i' extends over all nondeuterated posi- 
tions, and the index j extends over the four deuterated 
positions in the ring. In general, the first term on the 
right-hand side of Eq. 5 is negligible, so that: 

4 

Rw(H) - R,F(D) = ~z~ PH# (6) 
i=l 

where the summation above extends over the four pro- 
tonated positions on the fluoroindole ring. We have thus 
neglected the rare complication arising when two fluoro- 
tryptophans are sufficiently close so that deuterons/pro- 
tons on one residue make significant relaxation contri- 
butions to the 19F on a second fluorotryptophan residue. 

In order to account for internal motion of the trypto- 
phan residues, we have utilized a 'model-free' approach 
designed to account for motional restriction by means of 
an order parameter S 2, and characteristic correlation 
times corresponding to overall and internal motion (Li- 
pari and Szabo, 1982). The corresponding spectral density 
has the form: 

j(0~) = (1_$2)  ~ +S  2 ZM (7) 
1 + (OYC) 2 I+(OY~M) 2 

where the motion of the protein is assumed to be isotrop- 
ic with a rotational correlation time ~M, $2 is the order 
parameter, the internal motion has a characteristic corre- 
lation time % and z q -~ - '  ='~M + ~ - Using the known inter- 
nuclear distances in tryptophan, we can calculate Rw(H) 
-R~F(D) by summing over the four substituted positions 
of the indole ring. As discussed above, a value of 23 ns 
for the rotational correlation time of the glucose-GGR 
complex was initially calculated using the average value 
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Fig. 3. Theoretical dependence of Rw(H)-R1F(D ), i.e., the difference 
in the spin-lattice relaxation rates between the fluorotryptophan and 
deuterated fluorotryptophan-labeled receptor, on the internal motional 
correlation time, %, using a model-free formalism with "r = 23 ns: (A) 
Ho = 11.75 T; (B) H o = 8.5 T. Curves correspond to order parameters 
S:= 1.0 ( . ), 0.9 ( - - - ) ,  0.8 ( . . . .  ), or 0.7 (- . -). Relatively slow 
internal motions with correlation times ~ 10 8 s will increase Rtv(H )- 
R,F(D), while motions with shorter correlation times can lead to a 
decrease. 

of  R w ( H ) - R w ( D  ) for t ryptophan residues 127, 133, 183, 
and 195, and assuming rigid, isotropic motion. FTrp TM 

was omitted from this calculation since the spin-lattice 
relaxation rates for this residue are considerably longer, 
presumably reflecting a significant degree of  internal 
motion. However, as is apparent from Table 1, including 
the values for this residue would not have a major  impact 
on the computed averages. The 23-ns value corresponds 
to Rw(H ) -R1F(D ) = 0.41 s - '  at 470 MHz,  and R~F(H ) - 

R1F(D) = 0.75 s -1 at 340 MHz.  
Using xM = 23 ns and the model-free spectral density 

given above, theoretical curves for R~F(H)- R~F(D) as a 
function o f  zi for values of  the order parameter, S 2 = 1.0, 
0.9, 0.8, and 0.7, are shown in Fig. 3. As can be seen 
from these curves, relatively low amplitude (S 2 ~ 0.8), slow 
(z i - 10-8-10 -9 s) internal mot ion leads to significant in- 
creases in the differential spin-lattice relaxation rate, while 
faster internal mot ion reduces the relaxation rates relative 
to the $2= 1.0 case. As is apparent from the data in Table 
1, the R1F(H)-  Rw(D) values show too much scattering 
to allow more explicit analysis. To the extent that a single 
order parameter model is appropriate to characterize the 
interresidue ~gF-~H dipolar interactions, a similar set of  
curves will describe the individual R~F(H) values. The 
calculations shown in Fig. 3 suggest that, for a dominant  

dipolar relaxation mechanism, very different conclusions 
regarding the relationship of  t ryptophan order parameter 
to spin-lattice relaxation rate are derived, depending on 
the rates characterizing the internal motion. For internal 
mot ion characterized by relatively slow correlation times, 
i.e., % N 10 -8 s, we obtain higher relaxation rates for the 
less ordered (lower S 2) residues. Conversely, for internal 
motion characterized by shorter correlation times, xi ~ 
10-1%10 1~ s, we will obtain higher relaxation rates for the 
more ordered (higher S 2) t ryptophan residues. Hence, if 
the differences observed among the various fluorotrypto- 
phan residues arise primarily as a consequence of  vari- 
ations in S:, the residues with the highest relaxation rates, 
e.g. FTrp 183, would have the lowest order parameter for 

% ~ 10 -8 s, while the same residues would have the highest 
order parameter for % ~ 10 -H s. As discussed below, inter- 
nal motions at % - 10 -s s appear to be inconsistent with 
relaxation-rate ratios measured at the two field strengths. 
Hence we conclude that, subject to the assumption that 
T~ is dominated by dipolar lH-19F interactions (Hull and 
Sykes, 1974), internal motion of  the t ryptophan residues 
must be characterized by high order parameters, and by 
relatively short internal correlation times, % -  10 -'~ s. 

Theoretical curves for the ratios of  the relaxation rates 
measured at 8.5 and 11.75 T, R1F(H)34~ 47~ have 
been calculated for the case of  isotropic motion (Fig. 4A) 
or for the case of  internal mot ion described by Eq. 7 (Fig. 
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Fig. 4. Theoretical dependence of the ratio RtF(H)34~ 47~ as a 
function of the correlation time for isotropic motion, xM (A), or as a 
function of the internal motional correlation time % assuming xM = 23 
ns, and using a spectral density of the form of Eq. 7 (B). For the 
latter calculations, order parameter S 2 = 1.0 ( ), 0.9 ( - - - ) ,  0.8 
( . . . .  ), or 0.7 (- . -). The calculations assume that the longitudinal 
relaxation occurs completely via a proton-fluorine dipolar mechanism. 
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TABLE 3 
THEORETICAL IH-19F DIPOLAR CONTRIBUTIONS TO 19F SPIN-LATTICE RELAXATION RATES AND LINE WIDTHS BASED 
ON CRYSTAL DATA a 

Residue Spin-lattice relaxation rate (s ~) W m (Hz) 

470 MHz 340 MHz 470 MHz 340 MHz 

~H<3A ~H<4A ~H<5A ~H<3A ~H<4A ~H<5A 

Fluorotryptophan-labeled protein 
FTrp 183 1.79 1.95 2.09 3.28 3.57 3.83 25.6 25.8 
FTrp t27 1.00 1.30 1.38 1.83 2.38 2.54 17.0 17.1 
FTrp 133 1.26 1.47 1.59 2.31 2.69 2.91 19.4 19.6 
FTrp t95 1.14 1.37 1.50 2.08 2.51 2.75 18.4 18.6 
FTrp 284 0.61 0.69 0.79 1.12 1.26 1.44 9.6 9.7 

12,4,6,7-ZH4]-5-Fluorotryptophan-labeled protein 
FTrp 183 1.27 1.43 1,56 2.34 2.62 2.86 19.1 19.3 
FTrpl27 0.44 0.74 0, 82 0.81 1.35 1.50 10.0 10.1 
FTrpt~3 0.72 0.92 1.03 1.31 1.69 1.89 12.6 12.8 
FTrp 195 0.64 0.87 0.99 1.17 1.60 1.82 12.1 12.3 
FTrp 284 0.09 0.16 0.25 0.16 0.30 0.47 3.1 3.1 

Computed relaxation times based on a correlation time of 23 ns, and no internal motion, i.e., S 2 = 1.0. 

4B). Using the assumption of a dominant dipolar relax- 
ation mechanism, the exact number or relative orientation 
of the various proton-fluorine interactions do not have to 
be determined, since the ratio is independent of  these 
variables. Furthermore, since the fluorine-deuterium 
dipolar interaction is relatively weak, the curves should 
also be reasonable approximations for the following ratio: 
Rw(D)34~ 47~ As noted above, similar relaxation- 
rate ratios are measured for both the deuterated and 
protonated fluorotryptophan residues. Based on the cal- 
culation shown in Fig. 4A, it is seen that close agreement 
with the experimental values is obtained for ZM = 23 ns 
(log[2.3 • 10 -s s] =-7.64). Considering the calculations of 
Fig. 3B, the observed field dependence of the T~ values 
requires that either: (i) values of  S 2 are very close to 1.0; 
and/or (ii) the correlation time for internal motion, zi, is 
very short, i.e., near 10 -~ s. 

In order to provide further insight into the relaxation 
differences between the various tryptophan residues of  
GGR,  relaxation rates were determined based on the 
crystal structure of  the glucose-GGR complex (Vyas et 
al., 1988). Starting with the structure of  the glucose-com- 
plexed GGR,  the H5 protons on each tryptophan were 
replaced by fluorine nuclei using standard bond and angle 
parameters from the C H A R M m  22 force field (rcv = 1.338 
A). Protons were grown onto the crystal structure using 
the standard C H A R M m  protocol, and the structure was 
minimized using 100 steps of steepest descent followed by 
conjugate gradients, until the gradient went below 0.6 
kcal/mol. Relaxation rates were calculated assuming iso- 
tropic motion with XM=23 ns, including all protons within 
3, 4, or 5 A. The calculated relaxation rates are summar- 
ized in Table 3. As discussed by Post et al. (1984), the 
dipolar relaxation contributions of protons can be ap- 
proximated by integrating the proton density p(r) over the 

volume of a sphere starting at a lower limit of  rvH = 2.6 
to infinity: 

oo 

f p(r)4~r 2 
Rw oc r6 dr (8) 

2 . 6  

Assuming p(r) to be a constant, the approximation made 
by integrating out to 5 A rather than infinity would cor- 
respond to 86% of the full relaxation contribution, so that 
the values in Table 3 represent a reasonable approxima- 
tion. These calculations reproduce the observed trends 
well using only a simple isotropic diffusion model. This 
agreement, obtained by using only a single correlation 
time, suggests that the variation in Rw(H) values can 
arise due to the varying distances to nearby protons 
rather than as a consequence of a variation in internal 
mobility. Subtraction of the calculated dipolar line-width 
contributions from the observed values yields values of  
34-42 Hz for FTrp residues 183, 127, and 195 (Table 2), 
which presumably arises from a combination of unre- 
solved scalar coupling and chemical shift anisotropy 
broadening. The contributions of  unresolved scalar coup- 
ling to the apparent 19F N M R  line widths of fluorinated 
residues will in general be reduced by the phenomenon of 
'relaxation decoupling', with the rapid cross-relaxation 
rates of the protons leading to partial collapse of the 
multiplet structure (London, 1990; Harbison, 1993). 

Relaxation by chemical shift anisotropy 

As a consequence of the relatively large chemical shift 
range for fluorine, the chemical shift anisotropy relax- 
ation mechanism can be significant (Hull and Sykes, 
1975b). For the simple case of isotropic motion, the ex- 
pressions for 1/T T M  and 1/T2Cv sA are relatively simple: 
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and 

T CS A - ] -~7~B2Acr  z 1+ J(c0) (9) 

TCSA = 7~B~AG z 1+ [4J(0)+3J(co)]  (10) 

where as above, J (m)= ~/(1 + (cox) 2) for isotropic motion,  
Ao = Ozz- 1/2(o~, + Gyy), and 1] = (Oxx - Cyy)/C~z~, and we have 
followed the conventions: [6zz[-> IO~xJ > [Oyy[, o=+Ox~+Oyy=0. 
Hiyama  et al. (1986) have studied crystalline p-fluoro-D,L- 
phenylalanine, which might be considered as a reasonable 
model for aromatic  fluorine shift anisotropy. Elements of  
the chemical shift tensor (using the above conventions) 
are Oz~=-66.67 ppm, ~xx = 58.33 ppm,  and (~yy= 8.33 ppm, 
giving Ac~=-100 ppm,  q =0.75, and Ao(1 +(q2/3))~n=-109 
ppm. Other  relevant measurements  include the values 
reported for fluorobenzene (Mehring et al., 1976): cy~z = 
--58, (Yyy: 7, Oxx = 51 ppm, leading to Ac~=-87 ppm; rl = 
0.76, giving Acy(1 + (rl~/3)) ~/2 = -95  ppm, as well as mea- 
surements on crystalline 4,4'-difluorobiphenyl (Halstead 

'~00 80 6(] 40 20 0 -~0 -40 -60 ~ 0  ppm 

100 50 0 ppm -50 -100 

Fig. 5. (A) Solid-state ~gF NMR spectrum of a powder sample of 
[2,4,6,7-2H4]-D,L-5-fluorotryptophan obtained using a spin-echo se- 
quence. A spectral window of 100 kHz (213 ppm), and a 0.01 s 
acquisition time were used. A total of 360 FIDs were averaged, left- 
shifted three points to center the echo about the time origin, and 
phased such that the real and imaginary components were purely 
absorptive and dispersive, respectively. An exponential apodization 
of 1 kHz was applied to the FID prior to Fourier transformation. 
No further phasing was applied in the frequency domain. The spec- 
trum is referenced to the ~gF shift of the molecule in the liquid state. 
(B) Theoretical curve generated using the intensity pattern for an 
axially symmetric shift tensor convoluted with a Gaussian function. 
The theoretical curve corresponds to A~(1 + (rl2/3)) ~j2 = -94 ppm 
(o~ = 38.7 ppm, oyy = 23.7 ppm, o~ =-62.3 ppm). 

et al., 1976) giving ~zz=-54.93 ppm, c~xx= 51.77 ppm,  and 
6yy = 3.17 ppm,  corresponding to Ac~(1 + (rl2/3))~2 = -92 .5  

ppm. 
In order to obtain a more  quantitative estimate of  the 

relaxation contributions due to chemical shift anisotropy, 
direct measurements  of  the 19F chemical shift tensor were 
carried out on [2,4,6,7-2H4]-D,L-5-fluorotryptophan. As in 
the previous study of  deuterated 4-fluorophenylalanine 
(Hiyama et al., 1986), the deuteration is useful in reduc- 
ing the ~H-19F static dipolar  contributions so that the line- 
shape is dominated by the orientat ion-dependent shift 
tensor. The resulting solid-state spectrum (Fig. 5A) ap- 
pears to be more axially symmetric  than the 4-fluoro- 
phenylalanine spectrum. A simulation of  the solid-state 
spectrum convoluted with a Gaussian broadening function 
using parameters  Ozz = -62.3 ppm, C~yy = 23.7 ppm,  6xx = 
38.7 ppm, corresponding to Acy---93.5 ppm; rl = 0.24, 
giving AC(1 + (rl2/3))1/2 = - 9 4  ppm is shown in Fig. 5B. 
Although the simulation is reasonably close, the dip in 
the center of  the spectrum is not well predicted. This may 
arise from a pulsing artifact (Rance and Byrd, 1983). It 
is also apparent  from Fig. 5 that the deuterat ion of  the 
indole ring is insufficient to remove much of  the dipolar 
broadening. The value obtained for Acy(1 + (rl2/3)) ~2 is, 
however, in good agreement with the model  compounds  
noted above. 

Using values of  Acy(1 + (rl2/3)) ~/2 = - 9 4  ppm,  and a rota- 
tional correlation time of  23 ns in the above equations, 
we obtain 0.051 s -~ for R1 csA a t  either field, and line-width 
contributions ( l /gT TM) of  50.2 and 26.2 Hz  at 11.75 and 
8.5 T, respectively. This spin-lattice relaxation rate is 
much lower than the observed values or the theoretical 
dipolar values, indicating that, if isotropic mot ion is 
assumed, the CSA mechanism is not significant relative to 
the dipolar mechanism. However, the CSA line-width 
contribution is too large to fit the experimental  values 
determined at 470 M H z  (Table 2) using the rigid, iso- 
tropic mot ion  model, As discussed below, this discrepancy 
is resolved by using the more complex spectral density 
described by Eq. 7. The negligible contribution of  CSA to 
Rw compared  with the dipolar contribution arises due to 
the presence in the dipolar-rate equation of  J(o~ F - coN), 
which is significantly larger than J(0~v) for the slower 
mot ion  which characterizes overall protein tumbling. 

Following the above approach,  we have used the model- 
free spectral density to evaluate the effects of  internal 
mot ion on the CSA relaxation parameters.  Calculations 
of  ~CSA and wCSA for a field strength of  11.75 T using a XXlF "'1/2 
model-free spectral density with Ao(1 + (r12/3))ln=-94 ppm 
are shown in Fig. 6. Although the contributions of  the 
CSA mechanism to R~F are seen to be negligible for slow, 
isotropic motion,  the contributions become more signifi- 
cant for internal correlation times, x~, closer to l/co v = 3,4 
x 10 -~~ s. For fast internal motions described by correla- 
tion times ~ < 10 .9 S, the resonance half  widths are re- 



duced by a factor of S 2, i.e., W m= 2 o S W~/2, where W~n is 
the line width at half height in the absence of internal 
motion. These results suggest that an improved fit of  the 
relaxation data can be achieved based on the assumption 
of very fast internal motion, ~i ~ 10-1t S, and order para- 
meters near 1 in order to exert minimal perturbation of 
the dipolar-dominated spin-lattice relaxation, while lead- 

2 0 ing to a reduced, S W,n, line width�9 
As a final theoretical tool, calculations including both 

dipolar and CSA relaxation contributions were performed. 
In order to evaluate the combined effects of both relax- 
ation mechanisms, the proton-fluorine dipolar interaction 
was approximated by a single proton located 1.8 A from 
the fluorine nucleus and, based on the solid-state data, 
AG(I + 012/3))m=-94 ppm. The theoretical R1F(H) 47~ W1/2, 
and R~F(H)34~ R1F(H) 47~ are plotted using a model-free 

formalism and S 2 values of 1.0, 0.9, 0.8, and 0.7 (Fig. 7). 
The calculated dependence of R~F(H) 47~ is qualitatively 
similar to the calculation for Rlv(H) 47~ R~v(D) 47~ The 

curves for W~/2 show the same dependence on % as the 
CSA calculation (Fig. 6B), while the curve for the ratio 
of relaxation rates, Rw(H)34~ 47~ exhibits an even 
more pronounced dip for "c i values in the range from I0 
ns to 100 ps. Although, as discussed below, the parame- 
ters for this model calculation do not provide an ideal fit 
of  the data, Fig. 7C makes it even more clear that in 
order to reproduce the observed mean relaxation ratios, 
% must be _< 10 ps. 

Refinement of dynamic var&bles 
In order to obtain a consistent set of  dynamic vari- 

ables, % was set at 10 ps, a typical value characterizing 
the motions of  protein backbone nuclei (Kay et al., 1989; 
Cheng et al., 1994) or large side chains such as phenyl- 
alanine or tryptophan (Stone et al., 1993; Mispelter et al., 
1995), and consistent with the qualitative analyses sum- 
marized above�9 The values of  "~M and S 2 were allowed to 
vary in order to simultaneously optimize the fit for the 
experimental parameters: Rw(H) 47~ RlF(D)47~ = 0.39 s i, 
R~F(H) 34~ R~F(D) 34~ 0.79 s -~, and a mean chemical shift 
anisotropy line width of 37.5 Hz (Table 2); by minimizing 
the error function defined in the Methods (Eq. 1). As 
noted above, the relaxation behavior of FTrp TM, which 
exhibits significantly different relaxation parameters, was 
analyzed separately (see below), and the dipolar line- 
width contribution was fixed at the theoretical value 
estimated for ~M = 23 ns. The optimal fit, corresponding 
to the average values for the parameters given above, is 
obtained at "~M = 20 ns, $2= 0.86, and corresponds to pa- 
rameter values of 0.40 s -~, 0.73 s -~, and 37.6 Hz, respect- 
ively. The computed ratio, Rw(H)34~176 1�9 is 
also in good agreement with experiment. The computed 
error function was found to be fairly insensitive to the 
value of %. The shorter correlation time, "~M, obtained 
from this fitting procedure approximately corresponds to 
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Fig. 6. The effects of internal motion on the spin-lattice relaxation 
rate R~ TM (in s t) (A), and the line width W,C~ A (in Hz) (B), resulting 
from a chemical shift anisotropy relaxation mechanism. Calcula- 
tions are based on a model-free spectral density using parameters 
~c(1 + (rl2/3))1/2=-94 ppm and ~ =23 ns, and correspond to order pa- 
rameters $2= 1.0 ( ), 0.9 ( - - - ) ,  0.8 ( . . . .  ), or 0.7 (- �9 -). As is ap- 
parent from the figure, internal motion with a correlation time ~ % = 
10 9 s to l0 -~~ s can greatly increase the CSA contribution to R~. 

displacing the series of theoretical curves in Figs. 3A and 
3B upward, so that instead of  the optimized fit correspon- 
ding to "c M = 23 ns, S 2 = 1.0, the optimal fit obtained corre- 
sponds to "c M = 20 ns, $2= 0.89. Similarly, the set of curves 
in Fig. 7A will be displaced upward, while the curves in 
Fig. 7B will be displaced downward. Thus, while decreas- 
ing ZM and S 2 lead to an approximate cancellation of 
effects on the Rlv- values, the adjusted parameters corre- 
spond to a narrower line width, in agreement with the 
data in Table 2. 

As a further attempt to more accurately account for 
the dipolar line-width contribution, the mean CSA line 
widths for the protonated and deuterated fluorotrypto- 
phans were obtained by subtracting dipolar line-width 

")3 contributions of S'WTn('CM/23)/0.86, where the initially 
calculated dipolar line width corresponding to a correla- 
tion time of 23 ns, W~/~, is corrected by the ratio %A/23 (in 
ns), based on the assumption of a dominant J(0) contri- 
bution, reduced by a factor of S 2 as would be expected 
for rapid internal motion, and the factor of 0.86 is in- 
cluded to correct for protons beyond the limit of  5 A. 
used in the calculations of  Tables 2 and 3. It is undoubt- 
edly incorrect to model all proton-fluorine dipolar inter- 
actions using the same order parameter; however, since 
the dipolar line-width contribution is significantly smaller 
than the CSA contribution, this was thought to be a 
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Fig. 7. Calculated relaxation parameters for a model including both 
dipolar and CSA effects. In order to approximate the dipolar con- 
tributions, the calculation assumes a single proton at a distance of 
1.8 A from the fluorine nucleus; other parameters are xM = 23 ns, 
Ac~(I + (r12/3))~n =-94 ppm. This approximation yields rates that are 
roughly comparable to the observed values summarized in Table 1. 
(A) R1F-(H) 470 (s L); (B) Wt/2 (Hz); (C) RIF(H)34~ 470. Calcula- 
tions correspond to order parameters $2= 1.0 ( ), 0.9 ( - - - ) ,  0.8 
( . . . .  ), or 0.7 ( - .  -). 

reasonable approximation. Following this procedure led 
to the values XM = 20 ns, and $2= 0.89, corresponding to 
relaxation parameter values of 0.42 s -~, 0.75 s -~, and 38.9 
Hz. Hence, both approaches gave similar values for xM 
and S 2. 

Using the procedure outlined above, a separate analy- 
sis of the FTrp TM relaxation data was performed. Setting 
%= 10 ps and XM=20 ns yielded a value of $2=0.77, cor- 
responding to computed relaxation parameter values of 
0.36 s -~, 0.65 s -~, and a CSA line width of 33.6 Hz. Allow- 
ing xM to vary leads to a value of 19 ns, with S 2 still opti- 
mized at 0.77, resulting in a significant drop in the com- 
puted error. However, it seems more reasonable to con- 
strain XM to the value determined using the less mobile 
fluorotryptophan residues. Hence, as expected, this resi- 
due located on the surface of the protein is significantly 
more disordered than the other fluorotryptophans. 

Effect of glucose complexation 
Although the mF N M R  spectrum of the doubly labeled 

fluorotryptophan/deuterofluorotryptophan protein was 
found to be too congested for useful analysis, 19F spin- 
lattice relaxation rates determined for the 5-fluorotrypto- 
phan-labeled G G R  in both the glucose-complexed and 
-uncomplexed states were obtained, and the results are 
summarized in Table 4. As is apparent from a compari- 
son with the data in Table 1, the Rw values obtained in 
the fluorotryptophan-labeled G G R  are found to be in 
good agreement with those measured in the doubly la- 
beled protein. In the absence of glucose, the R1F values 
for residues 183, 127, 133, and 195 decrease by a mean of 
13%, while the Rlv value for FTrp TM increases by 16%. 
Three of the residues, FTrp 127, FTrp 133, and FTrp 195, are 

located in one of the two lobes of the protein; FTrp ~83 is 
located very close to the bound glucose at the interface of 
the two lobes of the protein, and FTrp TM is located in the 
'hinge' region connecting the two lobes. In the uncom- 
plexed state, the enzyme conformation is characterized by 
a large, open cleft, with an angle > 18 ~ (Luck and Falke, 
1991c). It might be expected that the local environment 
of the three residues located in one of the protein lobes 
would be relatively unchanged, so that the primary differ- 
ence would be the effect on the overall motion of the 
protein. The conformational change associated with the 
aporeceptor would be expected to increase the radius of 
gyration, leading to a longer correlation time for overall 
tumbling. An increase of ~M by 13% would be sufficient 
to explain the observed R~v decreases for FTrp ~27, Ftrp ~33, 
and FTrp 195. Although FTrp ~s3 experiences a similar 
change in spin-lattice relaxation rate, this may be some- 
what coincidental, since it is clear that in addition to any 
change in molecular correlation time there must be a 
significant change in the local environment of  this residue. 

The increased Rw(H) 47~ value for FTrp TM observed in 
the uncomplexed protein (Table 4) indicates that, in addi- 
tion to the increase in the correlation time for overall 
molecular motion, there is a significant change in local 
environment of this residue. This result is perhaps not too 

TABLE 4 
EFFECT OF GLUCOSE BINDING ON 5FTrp SPIN-LATTICE 
RELAXATION RATES IN THE E. coli GLUCOSE/GALACTOSE 
RECEPTOR" 

Residue Glc-GGR b Glc-GGR c GGR d 

FTrp 183 1.91 1.89 1.41 
FTrp 127 1.34 1.39 1.26 
FTrp L95 1.40 1.47 1.27 
FTrp 133 1.35 1.26 1.24 
FTrp 284 0.95 0.93 1.09 

Spin-lattice relaxation rates determined at 470 MHz, 25 ~ 
b Measurements on the 50:50 5FTrp:12,4,6,7-ZH4]-5FTrp-labeled GGR- 

glucose complex, taken from Table 1. 
Measurements on 5FTrp-labeled GGR. 

d Measurements on uncomplexed GGR. 
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surprising, since this residue is located in the 'hinge' re- 
gion of the protein. Since in this case we have not been 
able to separate intra- from interresidue dipolar relax- 
ation contributions, it is also difficult to separate struc- 
tural from dynamic changes. Movement of FTrp TM away 
from nearby residues on the protein could contribute to 
the observed increase in R~v. Although overlap of the 
FTrp TM and FTrp ~33 resonances makes quantitation diffi- 
cult, it appears that there is no major change in line width. 
The simplest approach for predicting the observed in- 
crease in Rlv within the context of the present model, 
while retaining a similar line width, is to increase %. For 
the parameters given above, i.e., ZM = 20 ns, S 2 =0.77, and 
"q = 10 ps, the CSA mechanism contributes 7%, the intra- 
residue dipolar mechanism 39%, and the interresidue di- 
polar interaction 54% to the observed R~v(H) for the glu- 
c o s e G G R  complex. Assuming the intra/interresidue di- 
polar ratio to be fixed, increasing "~M by 13% requires that 
~ increase from 10 to 70 ps, and that S 2 decrease from 
0.77 to 0.67 in order to predict the observed R~v change 
and preserve the CSA line-width contribution. For these 
parameters, the CSA contribution to R1F has increased to 
24%. In general, more extensive relaxation data are re- 
quired in order to adequately separate structural and 
dynamic changes which occur in the uncomplexed GGR. 

Discussion and Conclusions 

Fluorine labeling of macromolecules provides an NMR 
probe of high sensitivity, with potential applicability to 
high molecular weight systems. Assignment strategies 
have become more straightforward, based on the use of 
site-directed mutagenesis (Jarema et al., 1981; Ho et al., 
1989; Li et al., 1989; Peersen et al., 1990; Luck and Falke, 
1991a). In general, fluorinated proteins possess similar 
structural and kinetic properties to the native forms, so 
that in most cases the relatively small number of fluor- 
inated residues and low specific enrichment of each posi- 
tion limit the perturbation introduced. In general, it might 
be argued that if a fluorinated amino acid analog located 
at a particular position in the protein exerts a significant 
destabilizing effect, the correspondingly labeled proteins 
will be more subject to denaturation. In this case, one 
might expect to observe variations in the fluoro-amino 
acid substitution level at different positions in the mol- 
ecule. However, this has not been observed in the present 
GGR studies, and appears not to be the case generally. 
Conversely, it is conceivable that the fluorine substituent 
could introduce a significant stabilization corresponding 
to a particular fluorotryptophan substitution site. The 
slightly greater incorporation observed at the FTrp 127 
position may arise from such an effect; however, the frac- 
tional increase in resonance intensity relative to the other 
FTrp residues is within the experimental error. 

The present studies were undertaken to evaluate the 

utility of fluorinated amino acids for dynamic characteri- 
zation of large proteins. In contrast to the smaller pro- 
teins which are often the objects of IH NMR studies, the 
long correlation times associated with overall tumbling of 
fluorine-labeled molecules renders the spin-lattice relax- 
ation relatively insensitive to overall molecular tumbling, 
enhancing the relative sensitivity to internal motion. One 
particular limitation on the use of fluorinated amino acids 
as dynamic probes arises as a consequence of the varied 
contributions to spin-lattice relaxation. Consistent with 
and extending the earlier conclusions of Hull and Sykes 
(1974,1975a,b), evaluation of the data for fluorotrypto- 
phan-labeled GGR indicates that: (i) 1H-19F dipolar inter- 
actions dominate the observed spin-lattice relaxation 
rates, even at high field strengths; and (ii) both intra- and 
interresidue interactions are significant. The latter factor 
makes dynamic analysis particularly difficult, since these 
interactions may be characterized by very different inter- 
nal motional correlation times and order parameters. The 
use of simultaneous fluorotryptophan/deuterofluorotryp- 
tophan labeling provides a useful means of separating 
intra- and interresidue effects, since the difference in 
relaxation rates will depend only on the motion of the 
indole ring. Unfortunately, the experimental variation in 
R~v(H)- R~F(D) rates in this study proved sufficiently 
large so that conclusions were derived only for average 
values rather than for the individual residues, with the 
exception of FTrp TM, which exhibited markedly different 
relaxation behavior. It is in principle also possible to 
separate the intraresidue contribution to the transverse 
relaxation rate, RzF(H ) -  R2F(D); however, this presents a 
more difficult problem since it will correspond to a small 
difference between large values due to the dominant CSA 
contribution to the transverse relaxation rate. 

Simulations of the various relaxation parameters using 
the model-free spectral density approach indicate that 
internal motions with slow correlation times ~ 10 4 s are 
inconsistent with the observed relaxation parameters. For 
example, the theoretical ratio l ,  iF]~ 340]]D470,1,1F corresponding to 
~= 10 ns falls significantly below the experimental values: 
R1F(H)34~ 47~ = 1.86, and Rw(D)34~ 47~ = 1.81, 

even for order parameters near 1.0 (Figs. 4B and 7C). This 
discrepancy becomes even more significant if the spin- 
lattice relaxation contribution due to CSA relaxation is 
included in the calculation (data not shown). Similar con- 
clusions regarding the absence of significant internal mo- 
tions with correlation times ~ 10 ns have been derived 
from studies of 5-fluorotryptophan-labeled histidine-bind- 
ing protein J ofS. typhimurium (Post et al., 1984). Instead, 
internal motion consistent with the observed relaxation 
behavior must be characterized by high order parameters 
and relatively short correlation times, ~ 10 ps. These corre- 
lation times are similar to values recently reported for the 
peptide backbone of small proteins (Kay et al., 1989; 
Cheng et al., 1994), and for the internal motion of trypto- 
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phan residues of thioredoxin (Stone et al., 1993) and apo- 
neocarzinostatin (Mispelter et al., 1995). In this limit, 
initially discussed by Marshall et al. (1972), the calculated 
relaxation parameters become nearly independent of the 
value of % Further analyses of the data were based on 
setting xi = 10 ps, using AO(1 -(rl2/3))~/2 = - 9 4  ppm, as de- 
termined from solid-state NMR lineshape analysis, and 
varying x M and S 2 to obtain an optimal fit of the parame- 
ters R1F(H) 47~ Rw(D) 47~ R~F(H) 34~ R~F(D) 34~ and W47 ~ 
An average order parameter of 0.89 was obtained for 
FTrp residues 127, 133, 183, and 195, while a value of 
0.77 was obtained for FWrp TM. These values compare well 
with order parameter values of 0.91 and 0.93 for the buried 
tryptophan residue 28 of oxidized or reduced thioredoxin, 
and values of 0.82 and 0.81 for the surface Trp 3~ of the 
same protein (Stone et al., 1993). Similarly, order parame- 
ter values ranging from 0.85 to 0.97 with a mean of 0.92 
have been reported for the five tryptophan residues of E. 
coli dihydrofolate reductase (Epstein et al., 1995). A value 
of $2= 0.83 is reported for Trp s3 of aponeocarzinostatin 
(Mispelter et al., 1995). Interestingly, there is no indication 
of significant conformational exchange broadening for the 
fluorotryptophan resonances of glucose-complexed GGR. 

In addition to the data on the fluorotryptophan/deu- 
terofluorotryptophan R1F differences, there is significant 
variation among the tryptophan Rw(H ) values. The gen- 
eral trend observed, ~,83,,1F )- l'~lFrt127 l~lFrJ133 ~ Rll~ > R2~ is found 
to be predicted based on the distribution of protons near 
the fluorine nuclei, derived from the crystal-structure data 
(Vyas et al., 1988). Although this result suggests that 
dynamic variations are not necessarily responsible for the 
observed pattern, it is interesting to note that the corre- 
sponding isotropic B-factors for the tryptophan side 
chains listed in the same order are: 7.88, 14.57, 15.99, 
13.35, and 22.36, respectively. Thus, the B-factors follow 
the pattern: B ~s3 < B 127 ~ B t33 - B t95 < B TM. This inverse cor- 
relation of the fluorine spin-lattice relaxation rates with 
the crystallographic B-factors is consistent with the con- 
clusion that dynamic variations might also contribute to 
the observed R]r variation. 

Glucose binding is associated with significant changes 
in the RtF values of  the fluorotryptophan residues. In the 
absence of glucose, the R~F values for residues 183, 127, 
133, and 195 decrease by a mean of 13%, while the RtF 
value for FTrp TM increases by 16%. These changes are 
consistent with an increase in the correlation time for 
overall molecular tumbling, combined with a change in 
the internal mobility in the hinge region of the protein. 
Although the absence of more extensive data for the un- 
complexed receptor limits the conclusions, it appears that 
increased disorder, with $2= 0.67, and slower internal 
mot ion  with a correlation time xi ~ 70 ps can explain the 
observed data. In general, more extensive relaxation meas- 
urements are required to separate structural and dynamic 
changes in the uncomplexed receptor. 
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