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The effects of binding of various effector ligands on the dynamics of aspartate transcarbamylase (ATCase, csrs) and on its 
regulatory (r=) and catalytic (c,) subunits were characterized by examining succinimide quenching of the intrinsic fluorescence, 
and by measurement of the lifetime-resolved anisotropies. The lifetimes of the tryptophan residues in cj and qr, are about 1.7 
ns while those of tyrosine residues in r, are 2.7 ns. These lifetimes are not significantly altered by the binding of various 
substrates, subsIrate analogs and nucleotides. The effects of @and binding on the accessibility of both tyrosine and tryptophan 
residues to the quencher are modest in all cases, though the changes are in the same direction as se.-n using other 
physicochemical techniques such as hydrogen exchange (M. Lennick azd N.M. Aileweli, Proc, Natl. Acad. Sci. U.S.A. 71s 
(1981) 6759). The tryptophan residues in both c, and c6r6 are immobifized whereas the tyrosine residues of rz have some 
motional freedom. Ligands have no effect on the immobilized tryptophan residues in cg and cer6. while binding of nucleotides 
to r2 results in a small decrease in the motional freedom of the tyrosine residues. These results suggest that the protein matrix 
around the aromatic amino acids in r2, cj and csrs is rather rigid and that locaf effects of iigands on the dynamics of these 
residues, and that of the surrounding protein matrix, are minor. They are in general agreement with the results of the crystal 
structure determination (R.B. Honzatko et al.. 3. Mol. Biol. 160 (1982) 219). 

1. Introduction 

Aspartate transcarbamylase (ATCase) catalyzes 
the reaction of carbamyl phosphate with t-aspar- 
tate to form N-carbamyl-L-aspartate in the biosyn- 
thetic pathway leading to pyrimidine biosynthesis. 
ATCase from Escherichia coli is an extensively 
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phate. 

0301-4622/84/SO3.00 Q 1984 Eisevier Science Publishers B.V. 

studied regulatory enzyme which exhibits a 
sigmoidal dependence of activity on substrate con- 
centration, and is subject to Feedback inhibition by 
CTP, the end product of the pathuay, and the 
complementary nucleotide, ATP. (for reviews, see 
refs. l-3). ATCase is oligomer consisting of two 
catalytic trimers (c3) and the three regulatory di- 
mers (r2). Evidence for large conformational 
changes upon J.&and binding has been obtained 
from spectroscopic data [4,5]? reactivity of sulf- 
hydryl soups 1671, susceptibility to proteolysis @], 
dissociation by detergents [9], fluorescence spec- 
troscopy [lO,ll], relaxation spectroscopy [12], 
changes in sedimentation behavior [6,13] and hy- 



drogen-exchange kinetics [14]. The conformational 
changes resulting from effector binding probably 
play an important role in mediating their allosteric 
effects. 

It is now accepted that proteins have significant 
internal freedom with motions occurring on time 
scales from picoseconds to seconds. This flexibility 
is believed to play an important role in such 
biological activities as cataIysis (for reviews, see 
refs. 15-17). From the conformational changes 
which result from Iiga’nd binding and their alfos- 
teric effects. one would expect significant changes 
in the structural fluctuations of the enzyme. Large 
effects have in fact been observed by hydrogen 
exchange fl4J. We used the intrinsic tryptophan 
and tyrosine fiuorescence of ATCase to monitor 
the effects of Iigands on the protein dynamics. 
There are two tryptophan residues in the catalytic 
potypeptide chain (M, = 33 000) while each regula- 
tory chain (M, = 17OGO) contains three tyrosines 
and no tryptophan. Tryptophan and tyrosine in 
both c- and r-chains appear to be involved in the 
aliosteric mechanism. Substitution of 7-azatryp- 
tophan for tryptophan in the c-chain enhances the 
effects of both CTP and ATP upon the native 
enzyme [18]. while nitration of tyrosine in the 
c-chain eliminates cooperativity, feedback inhibi- 
tion. and enzymatic activity and reduces binding 
by CTP 1191. Nitrated tyrosines in the r-chain are 
perturbed by binding of CTP. ATP and FALA 
[20]. Our aim in the present investigation was to 
study the effects of various ligands on the dy- 
namics of c&r,. c3 and r, as reveaIed by succini- 
mide quenching of fluorescence and by lifetime-re- 

solved anisotropies of the aromatic amino acid 

residues. These fluorescence methods ahow struct- 
ural fluctuations and segmental motions on the 
nanosecond time scale to be detected. For quench- 
ing to occur, the quencher has to diffuse to the 
fluorophore through the protein matrix. The rate 
of diffusion of quencher through the matrix will 
thus be sensitive to the dynamics of the protein 
matrix f21-241 and to the extent of exposure of the 
residue to the aqueous phase. In the present study 
\vt: used succinimide which quenches ttyptophan 
and tyrosine fluorescence with a quenching ef- 
ficitncy of about 0.70 [25]_ 

2. Materials and methods 

c6r6, cs and rz were prepared according to pub- 
Iished procedures [26,27] from the derepressed di- 
plaid strain kindly provided by Dr. G. CYDonovan 
(Texas A. & M. University, College Station, TX). 
The concentrations of c,r,, c, and r-a were de- 
termined using extinction coefficients at 280 nm of 
0.59, 0.72 and 0.32 ml mg-*, respectively. Values 
of 310000, 100000 and 34000, respectively, were 
assumed for molecufar weignts 1261. Ammonium 
sulfate precipitates of enzyme and the subunits 
were dialyzed extensi-Jely for 36 h at 4OC prior to 
the experiments which were conducted within 12 h 
of completion of dialysis. 

2. I. Fhorescence lifetime and lifetime-resolved ani- 

so?rGpies 

For determination of ff uorescenee lifetimes, the 
trjptophan residues of cj and c6r6 lvere excited at 
295 nm, and the emission was observed through an 
interference filter centered at 344 nm. In the case 
of r2, excitation and emission wavelengths of 290 
and 313 nm, respectively, were used to measure 
the lifetime of tyrosine residues. The exciting beam 
was polarized vertically and emission observed at 
54.7 o from the vertical to ehminate effects of 
Brownian motions on the measured lifetimes [ZSJ. 
No polarizers were used for the lifetime measure- 
ments of tyrosine residues. Lifetimes were mea- 

sured by the phase-shift method on an SLM 4800 
instrument with a modulation freqtiency of 30 
MHz /29]. In ptace of the usua! giycogen scatterer, 
2.5-diphenyl-1,3,4-oxadiazole (PPD) in ethanol 
with a reference lifetime of 1.2 ns was used to 
correct for wavelength and geometry-dependent 
time response of the photomuttiplier tubes [30]. 

For fluorescence anisotropy measurements, rz 
was excited at 290 nm and emission was measured 
at 313 nm by an interference fiiter. The emitted 
light was passed through a liquid filter (2 mm) 
containing a 0.5% solution of potassium phthalate 
to eliminate scatter. In the case of c3 and c6r,, 
excitation was at 300 nm and emission was moni- 
tored at 344 nm. The excitation shts were adjusted 
to 8 and 2 nm and the emission slits to 8 nm. 
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Anisotropies were calculated from 

I,, G - 1, 
r= Z,,Gt 21, (1) 

where G is the correction factor for monochroma- 
tor efficiency in the transmission of vertically and 
horizontally polarized light. The total fluorescence 
intensity is given by 

F= Z,,G+2Z, _ (2) 

Quenching was achieved by adding O-l-ml ahquots 
of 3 M succinimide solution to a 2.4 ml volume of 
protein samples. Stem-Volmer quenching con- 
stants (K = kqrO) were obtained from 

$=I+K[Q] (3) 

where F, and Fare total fluorescence intensities in 
the absence and presence of quencher, respec- 
tively, rr, the lifetime in the absence of quencher 
and k, the biomolecular quenching constant. In 
cases where the Stern-Volmer plots showed up- 
ward curvature due to static quenching, the data 
were analyzed by 

$= [l+ G,(Q)l[l +%(Q)l (4) 

where KS and K, are the static and the dynamic 
quenching constants, respectively. In this case, the 
apparent quenching constant [ F,/F - l)/[Q]) was 
plotted vs. [Q], and KS and K, determined from 
the slope (K,K,) and intercept (Ks + K,). 

L-7. Lifetime-resolved anisotropies 

The steady-state anisotropy is dependent upon 
the time available for rotational displacements. If 
the average lifetime is decreased by quenching ihe 

anisotropy increases. For a single-exponential de- 
cay of anisotropy the dependence of r upon the 
lifetime is given by 

_=L+L 1 
i- ra J-l& 

(5) 

where r, is the anisotropy in the absence of rota- 
tion, 7 the lifetime and Q the rotational correlation 
time. Hence, a plot of l/r vs. T yields l/r, as an 

intercept and l/r& as slope. The extrapolated 
limiting anisotropy (r(0)) will be smaller than the 
limiting anisotropy (rO) and the apparent correla- 
tion time (+,) will be smaller than the correlation 
time expected for the protein molecule (C&P,> due to 
the presence of segmental motions. A more de- 
tailed description of lifetime-resolved anisotropies 
is given in earlier publications [22,23]. 

3. Results 

The fluorescence lifetimes, Stern-Volmer 
quenching constants and bimoIecular quenching 
constants for c,r,, cjr and rz are summarized in 
tables 1 and 2. Some representative results are 
shown in figs. 1-3. The Stern-Volmer plots are 
either linear or curved upward as a result of static 
quenching. These plots suggest that all tyrosine 
residues of rz and the tryptophan residues of both 
cj and c,r, are equally accessible to the quencher. 

2.a 
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Fig. 1. Stem-Volmer plot for succinimide quenching of tyrosine 
fluorescence of rz. The solutions were excited at 290 nm and 
the emission was measured at 313 nm. Al! the exp~rirr.:nrs wne 
carried out in 0.02 M Tris-acetate buffer (pH 8.5) at 28-C. 



Table 1 

Fluorescence lifetimes. surci”imid_ quenching constan&. apparent limiting anisotropy and apparent correlation times for tyrosine 
residues ia the regulatory subu.lit 

All experiments were prrfonnrd at 28O C in 0.02 M Tris-acetate (pH 8.5). The uncer*ainty in the lifetime measurements is about +O.i 
ns. For a ;xolein molecule of M, = 34000. the expected correlation time is about 17 “s l-21. Under our experimen:al conditions r, for 
tymsine fkxescence is 0.29 1231. 

Protein/ligzmd 

NATyA 

r2 
r2 to.3 mM CTP 
r,+2mMATP 

b Ko KS Ic,!x10-9) A% +A r(0) r(O)/% 
(“S) (M-l) (M-‘) (M-’ s-‘) (S) (“S) 

1.5 6.4 0.3 4.27 
2.7 1.6 -=z 0.05 0.59 10.0 0.225 0.78 
2.8 i.4 - 0.52 -11.9 10.3 0.235 0.81 
2.8 1.4 _ 0.49 - 17.0 10.3 0.235 0.41 

Otherwise. plots of F,/F vs. [CJ are expected to be 
concave towards the x-axis. The bimolecular 
quenching constants are about 0.6 x lo9 M-’ SK’ 
for the tyrosine residues (r,) and 1.2 X lo9 M-’ 
s -’ for tryptophan residues in c3 and csre. These 

x-, values are about 14 and 17% of the 
diffusion-controlled limits. respectively. Binding of 
both CTP and ATP to rZ results in some shielding 
of tyrosine residues as indicated by a 12-17% 
decrease in k, (table 1). In the case of cj. the 
presence of PALA or succinate and CbmP results 
m decreased accessibility of tryptophan residues 

while CTP and ATP do not significantly affect k,. 
Binding of PALA or CbmP and succinate results 
in a small increase in the accessibility of tryptophan 
residues in the native enzyme (table 2). This small 
increase in k, for the whole eqzymc cor.trasts with 
the small decrease observed for c3. It must be 
emphasized, however, that for both cj and c,r, the 
changes in the accessibility of the tryptophan re- 
sidues are small (< 10%) but reproducible. 

The lifetime of tyrosine residues in r-, is 2.7 ns 
and is not significantly affected by the binding of 
CTP or ATP. The lifetimes of tryptophan residues 

Table 2 

Fluorescence lifetimes and succinimide quenching constanls for tryptophan residues in cS and cara 

The uncertainty in the me.xsura”mt of lifetimes is abou’ . +O.l “s. AH the experiments were carried out in 0.05 M Tris-acetate buffer 
(pH X.5) at 28OC. 

Prorcin/ligand 

NATA 

c, 

c1 + PALA (mol ratio = 18) 
c, + SO m&f succinare + 10 mM CbmP 
c,+5mMATP 
c‘, +2 mM C-I-P 

c‘h r, 
c,. r, + PALA (mol ratio = 18) 
c,r, + 50 mhl succinate+ 10 mM ChmP 
cr. r.. + 5 m M ATP 
c‘r. Th c2mMCTP 
+.rh + 2 mhi CTP+ PALA (mol ratio = 18) 
cbr,, + 2 mM CTPt 10 mM CbmP 
+ 50 mhl succinate 

% KD KS 
(“S) CM-‘) (M-l) 

k,(X10_9) 
(M-’ s-‘) 

2.7 19.5 1.0 7.20 

1.7 2.1 0.3 1.22 

1.8 2.0 0.3 1.11 
1.8 2.0 0.2 1.11 
1.7 2.1 0.3 1.21 
1.7 2.1 0.2 1.25 

1.7 2.0 0.2 1.18 
1.8 2.2 0.2 1.25 
1.8 2.2 0.2 1.23 
1.6 2.0 -= 0.1 1.25 
1.6 2.0 -z 0.1 1.25 
1.8 2.1 0.2 1.16 

1.8 2.1 0.1 1.17 

Ax-, 

(%) 

- 

-9 
-9 

0 
+2 

+6 
+4 
i-6 
+6 
-2 

0 
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Fig. 2. Stem-Volmer plot for succinimide quenching of tryp- 
tophan fhtorescence of cp_ All the experiments were cat-tied out 
in 0.05 M Tris-acetate buffer (pH 8.5) at 28OC. The protein 

solutions were excited at 300 nm and the emission measured at 
344 nm. 

in c6r6 and c3 are about 1.7 ns. The tryptophan 
lifetimes increase slightly (about 0.1 ns) upon bi- 
nding of CbmP and succinate or PALA while 
binding of nucleotides results in a small decrease 
(about 0.1 ns). 

The steady-state anisotropy of tryptophan re- 
sidues in both c3 and c,r, is about 0.265-0.270, the 
same as that observed for NATA in propylene 
glycol at -60 OC, where rotational diffusion is 
completely absent [22]. The steady-state anisotro- 
pies of cs and c,r, are not influenced by the 
binding of effecters. This similarity in the steady- 
state anisotropy and limiting anisotropy suggests 
that tryptophan residues in c, and csr, are immo- 
bile, perhaps due to hydrogen bonding with polar 
residues in the protein matrix. As cj (M, = 100 OfJO; 
+r, = 50 ns) and c,r, (M, = 310000, $D,, = 150 ns) 
are large molecules (T -=x +), the Brownian motion 
of the whole molecule will not significantly de- 

0 aTCase 1.7 2.0 I. 18 

+PmA I.8 2.2 1.25 
+CbmP 1.8 2.2 1.23 

1.6 2.0 1.25 

Fig. 3. Stem-Volmer plot for succinimide quenching of ttyp- 
tophan fluorescence from c,r,. Experimental conditions are the 
same as those given in fig. 2. 

6.0picyzy- 

1 
0 1.0 2.0 3.0 

FLUORESCENCE LIFETIME fnsec) 
Fig. 4. Lifetime-resolved anisotropies of rz in the presence of 

ATP and CTP. 



crease ihe steady-state anisotropies. 
WC observed a value of 0.18 for the steady-state 

anisotropy of tyrosine residues in ‘;, which is 
smaller than the fundamental anisotropy of the 
tyrosine (0.29 /23]). Zn tabIe I. the apparent corre- 
lation time (+,\ ). apparent limiting anisotropy 
(r(O)) and the corresponding correlation times (+p) 
expected for protein mofecuIes of the molecular 
weight of r2 are given. Both r(0) and @k for rz arc 
smoticr than r;, and 4. suggesting that nanosecond 
segmentaf motions of tyrosine residues occur. 

Binding of CTP and ATP results in small increases 
in both r(O) and +,.,. indicating a modest decrease 
in the t-national freedom of the tyrosine residues. 
This increase suggests that binding of ATP and 
CTP increases the rigidity of the protein matrix of 
rj. 

The emission mttximum near 340 nm for the 
t r~ptophan ffuorescence of c, and c, r, is somewhat 
lower than that sxpectcd fw a tryptophan residue 
~IticI’t is completely exposed to water (355 nrn). 
This cr~.~ld be due &tiler to the surrounding en- 
vironment being less polar than water or to the 
rigidity of its microenvironment. The latter ap- 
p~‘;irs morr: prohablc gisen the immnbiIity of the 
f?i~~m~phw~s. Our polarization results and life- 
tirncs for tryptophan residues arc in agrcrment 
\vith the rcsufts of Kcmpe and Stark [IOj and 
i\if:tthutn<>tt\ and ti:tntmes 1 Z 1:. The refatively high 
ac~cssihilit~ to succinimidrt. tvfticfl is 3 large pnfar 
nt~&~culc. su_ggests that the tryptophan residues are 
on or near the stirrace. 

creases in R, for quenching of tryptophan residues 
in c, and an increase in k, for the native enzyme 
upon substrate and substrate analog binding indi- 
cate that these ligands affect c3 and c,r, in oppo- 
site directions. These changes are in the same 
direction as those seen by differential ultracentri- 
fugation and hydrogen-exchange measurements 
[13.14]. The lack of motionaf freedom for tryp- 
tophan residues in both cf and c,r, suggests that 
both tryptophan residues are involved in hydrogen 
bonding. Model studies using fiuorophores in polar 
solvents have indicated that hydrogen bonding of 
fiuorophores can decrease their rates of rotation 
by a factor of 10 [31]. 

The high steady-state anisotropy of both tyro- 
sine and tryptophan residues suggests that the 
protein matrix around these fluorophores is fairly 
rigid. There are wide variations seen in the mo- 
tional freedom for both tyrosine and tryptophan 
residues in proteins. Immobilized tryptophan re- 
sidues were observed in the case of aidofase and 
liver alcohol dehydrogenase. Similarly. limited mo- 
tionsf freedom for tyrosine residues were also 
found in bovine pancreatic trypsin inhibitor and 
ribonucfease f22.231. The small magnitude of 
changes in bimolecular quenching constants. lack 
of change in the steady-state anisotropy of the 
tryptophan residues in both c? and c,r, and smaff 
changes in ~(0) and #,, for r, due to the binding of 
various effecters all indicate that the ligand-pro- 
mated effects on the dynamics of the microen- 
vironment of these fluorophores are minor. These 
small effects on tfie protein dynamics at-e in sharp 
contrast to the substantial alterations observed in 
the kinetics of hydrogen exchange [Z4] and X-ray 
structures of ATCase [2.3,32]. These differences 
presumably reffect the differences in the types of 
motions detected by these techniques. Whereas 
fIuoresoence measurements are sensitive to the dy- 
namics of the protein onfy in the region of the 
Ffuoropfsore. hydrogen excflange and X-ray dif- 
fraction monitor the entire polypcptide chain. Fur- 
thermore. while only motions on the nanosecond 
time sc;11c can be detected by fluorescence anisot- 
ropy measurements. hydrogen exchange is sensi- 
tive to motions witfr rate constants in the range of 
mit1 - t to ww- -I. These stower motions which are 
the deter&ining factor in hydrogen exchange will 



not affect the steady-state anisotropy. It is of 
interest, however, that the 13C results of Moore 
and Browne 1331 also indicate that ligands have 
only minor effects on r2, and that the changes seen 
were attributed to direct interactions between 
specific residues and effector molecules. 

In ATCase, both the tyrosine and tryptophan 
residues appear to be located near or on the surface. 
Hence, these residues are already easily accessible 
to the quencher and any further increase in their 
accessibility due to the binding of the ligands will 
be small. We chose succinimide as the quencher 
because. being large and polar. it is likely to be 
more sensitive to steric hindrance in its approach 
to the fluorophore. For single-tryptophan proteins, 
the range of k, is about 80-fold for succinimide 
when compared to about 20-fold for acrylamide 
which is also a polar but slightly smaller quencher 
(M. Eftink, personal communication; B-P. Maliwal 
and J.R. Lakowicz, unpublished observations) and 
about S-fold for oxygen [22]. Nevertheless, the 
effects seen from succinimide quenching are small, 
and probably rule out any direct involvement of 
tyrosine residues in the binding sites of rz and 
tryptophan residues in the binding sites of cj. In 
the case of lysozyme and trypsin, where tryptophan 
residues are present at the binding site, interac- 
tions with ligands resulted in a significant decrease 
in their accessibility to the quencher 1241. 

The major conclusions of this study. that the 
tyrosine residues of r2 and the tryptophan residues 
of cj are relatively immobilized, exposed to solvent, 
and not part of the ligand-binding sites, are con- 
sistent with the results of the crystal structure 
determination [32]. The planes of the tyrosine and 
tryptophan rings are generally well defined and in 
contact with solvent. Trp-209 and -284 of cj are 
both more than 15 A from the active site. One 
tyrosine of rz. Tyr-89. is close to the allosteric 
domain of rz. but not necessarily in contact with 
bound nucleoside (K. Volz and W. Lipscomb. 
personal communication). 
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