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ABSTRACT: The rotational dynamics of the single tryptophan of porcine pancreatic phospholipase A, and 
its zymogen (prophospholipase A2) have been studied by polarized fluorescence using steady-state and 
time-resolved single-photon counting techniques. The motion of Trp-3 in phospholipase A, consists of a 
rapid subnanosecond wobble of the indole ring with an amplitude of about &2O0 accompanied by slower 
isotropic rotation of the entire protein. The rotational correlation times for overall particle rotational diffusion 
are consistent with conventional hydrodynamic theory. When phospholipase A2 binds to micelles of n- 
hexadecylphosphocholine, the amplitude of the fast ring rotation decreases. The whole particle rotational 
correlation time of the enzyme/micelle complex is smaller than the minimum value calculated from hy- 
drodynamic theory. A similar result is obtained for the micelle itself by using the lipophilic probe truns- 
parinaric acid. These low values for the particle correlation times can be understood by postulating that 
an isotropic motion of the fluorophore in the small detergent particles contributes to the angular reorientation 
of the fluorophore. The internal reorientational motion of the tryptophan in the zymogen, prophospholipase 
A*, is of larger amplitude than that observed for the enzyme; specifically, the proenzyme exhibits a motion 
with a significant amplitude on the nanosecond time scale. This additional freedom of motion is attributed 
to segmental mobility of the N-terminal residues of prophospholipase A2. This demonstrates that this region 
of the protein is flexible in the zymogen but not in the processed enzyme. The implications of these findings 
for the mechanism of surface activation of phospholipase A2 are discussed by analogy with a trypsino- 
gen-trypsin activation model. 

P o r c i n e  pancreatic phospholipase A, (phosphatide acyl- 
hydrolase EC 3.1.1.4; PLA,') is a 13 800-dalton enzyme that 
is synthesized as a zymogen, ProPLA,, with an extra seven 
amino acids at the N-terminus. Both the zymogen and the 
enzyme can hydrolyze the 2-acyl ester bond of monomeric 
3-sn-phosphoglycerides. Only PLA,, however, can hydrolyze 
lipids organized into aggregates (micelles or monolayers) [see 
Volwerk and de Haas (1982) for a review]. Semisynthetic 
studies of PLA, (Slotboom et al., 1978; Jansen, 1979) have 
demonstrated that the hydrophobic moiety of the tryptophan 
residue at position 3 (Trp-3), the only tryptophan in the 
protein, is essential for PLAz binding to lipid-water interfaces. 
The pronounced perturbations of the absorption and fluores- 
cence spectra of Trp-3 in PLAz that occur in the presence of 
micellar aggregates of nonhydrolyzable substrate analogues 
are consistent with the transfer of Trp-3 from an aqueous to 
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a hydrophobic environment and support the notion that the 
tryptophan plays a central role in binding to lipid aggregates 
(Van Dam-Mieras et al., 1975; Ludescher et al., 1985). 

A schematic representation of the structure of bovine PLA, 
as determined by Dijkstra et al. (1978) is illustrated in Figure 
1. This structure has been refined to 1.7-A resolution 
(Dijkstra et al., 1981a) and is essentially identical with that 
of the porcine enzyme used in the present study (Dijkstra et 
al., 1983). The only major difference between the two 
structures is in the region of residues 59-70. The a-helix (helix 
D) in this region of the bovine enzyme is replaced in the 
porcine enzyme by a short stretch of 3/10 helix (Dijkstra et 
al., 1983). Both the bovine and the porcine enzymes contain 
about 50% a-helix and 10% @-sheet structure and have seven 
disulfide bonds. The active site of the enzyme is located in 
the cleft between helices A, B, and C and the random coil to 
the C-terminal side of helix B. The lone tryptophan, located 
at position 3, is on the side of helix A that faces away from 
the active site. The tryptophan ring is flat against the protein 
surface in a shallow cleft between helix A and one strand of 
the two-strand @-sheet that forms one entire side of the protein. 
In the bovine structure, the indole ring lies directly over the 
amide function of Gln-4. The indole N-H is involved in a 
bifurcated hydrogen bond to a water residue and Asn-72. 
Although the lower resolution of the porcine structure does 
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FIGURE 1: Secondary structure and folding pattern of bovine phos- 
pholipase A2 taken from Dijkstra et al. (1978). The single tryptophan 
in the molecule is indicated. The recently reported structure of porcine 
PLA2 (Dijkstra et al., 1983) is nearly identical with this structure. 

not allow such a detailed description of the tryptophan en- 
vironment, it appears that the N-terminal structures of the 
two proteins are nearly identical. 

The crystal structure of the bovine zymogen ProPLA, has 
been determined to 3.0-A resolution by Dijkstra et al. (1982) 
and is nearly identical with that of the processed enzyme. The 
major differences occur in the residues of the loop from 62 
to 74, which are more disordered in the zymogen, and in the 
N-terminal region (including Trp-3),, which is not visible in 
the electron density map of ProPLA,. There is currently no 
reliable crystal structure of porcine ProPLA,. 

These proteins offer an excellent system for a fluorescence 
study of the relationship between structure and tryptophan 
dynamics for a functionally important Trp residue (Hudson 
et al., 1986, 1987). There is only one tryptophan in these 
proteins, and it plays a central role in the binding of PLA2 to 
lipid aggregates. The steady-state and time-resolved anisotropy 
measurements reported here indicate that Trp-3 has a different 
range of motion in ProPLA2 and PLA2 and in the complex 
of PLA, with the nonhydrolyzable substrate analogue n- 
hexadecylphosphocholine. These dynamic measurements are 
an extension of a study of the decay of the total fluorescence 
intensity of Trp-3 in these proteins (Ludescher et al., 1985), 
where it was shown that the decay of the fluorescence is very 
complex. 

MATERIALS AND METHODS 
Sample Preparation. The zymogen of phospholipase A, was 

isolated from hog pancreas and converted into fully active 
enzyme by limited proteolysis as described in Nieuwenhuizen 
et al. (1974). C16PN was synthesized as described in Van 
Dam-Mieras et al. (1975). All protein and lipid solutions were 
prepared in 0.1 M sodium acetate buffer, pH 6.0, by using 
glass-distilled water. Protein was stored as lyophilized powder 
at -20 OC and dissolved in buffer prior to use at concentrations 
near 10 pM. The complex of PLA2 with C16PN detergent was 
prepared at a detergent/protein ratio of 500 with a final de- 

The residues of the zymogen are numbered from -7 in order to 
maintain correspondence with the active enzyme form. 
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tergent concentration of 5 mM. The concentration of protein 
was determined from the optical density at 280 nm using El” 
of 13.0 for PLA2 and 12.3 for ProPLA, (Van Dam-Mieras 
et al., 1975). The trans isomer of parinaric acid was obtained 
from Molecular Probes, Inc. (Eugene, OR) and stored in 
ethanol as a 3 mM solution at  -20 OC. The micelles were 
labeled by addition of an aliquot of the ethanol solution directly 
to the sample cuvette. The final ethanol concentration was 
always less than 0.1%, and the optical density at the excitation 
wavelength was kept below 0.05. 

Steady-State Anisotropy. Steady-state anisotropy (( r ) )  
measurements were made with an SLM-8000 spectrofluo- 
rometer (SLM Industries, Urbana, IL) using 300-nm exci- 
tation (4-nm slits) and 350-nm emission (8-nm slits). The 
temperature was controlled with a water bath connected to 
a jacketed cuvette holder. The optical density at  the excitation 
frequency was always less than 0.05 for all anisotropy mea- 
surements (including time-resolved). The ratio R = ( Iw /  
Ihv)/(Ivh/z&,),  where Zij represents intensity collected with 
excitation polarization i and emission polarization j ,  was 
measured and used to calculate ( r )  = ( R  - 1)/(R + 2). 
Steady-state fluorescence anisotropy measurements were also 
made as a function of excitation wavelength by using a 2-nm 
bandpass for excitation with 350-nm emission with a 16-nm 
bandwidth. 

Solution viscosity was varied by changing temperature or 
by addition of glycerol (Aldrich Gold Shield). Values for the 
water viscosity as a function of temperature or weight percent 
glycerol were taken from the CRC Handbook of Chemistry 
and Physics, 59th Edition. 

Steady-state anisotropy measurements were analyzed in a 
manner similar to that described by Lakowicz et al. (1983) 
and Eftink (1983). The steady-state anisotropy was measured 
as a function of solution viscosity by varying temperature. A 
plot of 1 / ( r )  vs T / q  was generated and extrapolated to T / q  
= 0. The reciprocal of they intercept is an effective ro, 
The difference between this value and the true ro for the 
fluorophore is a measure of the amplitude of any rapid internal 
motions of the fluorophore in the protein. 

Time-Resolved Anisotropy Measurements. Time-resolved 
anisotropy measurements were performed by using a high- 
repetition rate synchronously pumped dye laser with single- 
photon counting detection procedures. In one configuration, 
a mode-locked argon ion laser was used as the excitation 
source; an RCA 31000M photomultiplier (PMT) was used 
as the single-photon counting detector. In this case the in- 
strumentation is the same as that described in Ludescher et 
al. (1985) and Small et al. (1984). The instrument resolution 
function for this PMT apparatus was about 700 ps. Some of 
the experiments have been repeated with a microchannel plate 
(MCP) based system that uses a mode-locked, frequency- 
doubled Nd:YAG laser as the excitation source for the dye 
laser. This device is described in detail elsewhere (Ruggiero 
& Hudson, 1987). The instrument response of this MCP 
system is ca. 90 ps. Anisotropy decays were measured by using 
vertically polarized excitation by collecting a lamp profile (i.e., 
the machine response function) as light scattered from a ludox 
sample and collecting a fluorescence decay from the sample 
alternating between vertically and horizontally polarized 
emission. Collection time was 60 s, and the cycle was repeated 
usually 15-20 times under the control of a microcomputer. 
A typical experiment had greater than 5 X lo6 total counts 
in the difference decay with a peak in excess of lo5 counts. 
The fluorometer has only a small polarization bias, so a “G 
value” (equal to I h v / I h h )  within 5% of unity was used in all 
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analyses. The anisotropy decays were composed channel by 
channel according to the defining equation (for G = 1) 

r ( t )  = [zw(t) - ~vh(t)l /[~w(t)  + 2zvh(t)l = D ( t ) / z ( t )  (1) 

Time-Resolved Anisotropy Analysis. Decay parameters 
were extracted from the experimental decays by using least- 
squares iterative reconvolution (LSIR). The LSIR analyses 
employ a nonlinear least-squares iterative procedure (Grinvald 
& Steinberg, 1974) that uses either the Powell search algor- 
ithm (Fletcher & Powell, 1963; Himmelblau, 1972) or the 
Marquardt algorithm (Marquardt, 1963; Bevington, 1969) to 
determine the values of parameters. In one method, the am- 
plitudes and lifetimes are first determined for the total 
fluorescence decay, Z ( t ) .  The difference decay, D ( t ) ,  is then 
expressed as a sum of exponential terms whose amplitudes and 
decay times are functions of the total and anisotropy decay 
lifetimes and amplitudes [recall that D ( t )  = r ( t )Z( t ) ] .  The 
parameters of the anisotropy decay are then fit by holding the 
fluorescence decay parameters constant. In the second method, 
the individual vertical and horizontal decays are fit with si- 
multaneous optimization of the fluorescence decay and an- 
isotropy decay parameters (Cross & Fleming, 1984). In either 
case, the r ( t )  decays are fit to sums of one, two, or three 
exponential terms 

r ( t )  = C r i  exp(-t/h) (2) 
i 

where ri is the amplitude of the decay characterized by the 
correlation time and C r i  = ro, the value of the probe an- 
isotropy at  zero time. An adequate fit was determined by 
evaluating x2 and by examining plots of the residuals, defined 
as the difference between the calculated and the experimental 
curve at each channel. A fit to r ( t )  was considered adequate 
if the residuals plot appeared random. The total fluorescence 
decay was fit to three or four lifetime components in most 
anisotropy decay analyses. Studies of the decay of the total 
intensity in these proteins (Ludescher et al., 1985) have dem- 
onstrated that three or sometimes even four exponential terms 
are required for a complete description. The values of the 
anisotropy parameters are not appreciably affected by the 
number of lifetime terms in the fluorescence decay so long as 
enough terms are used that there is a reasonable fit to the total 
decay data. 

The phenomenologial decay constants (4's) of eq 2 can be 
related to physical correlation times by assuming that each 
term in the description of the anisotropy decay corresponds 
to a different decay mode with a characteristic decay time. 
Consider the case in which the anisotropy decay is fit by three 
exponentials. We rank the decay times from smallest to 
largest. Then the smallest decay time, actually represents 
a harmonic sum of the physical decay constants 

1/41 = 1/41 + + 1 / 4 P  (3) 

where @I describes the fast rotation of the fluorophore, ds 
describes the larger scale segmental motion of some part of 
the protein containing the fluorophore, and 4p describes the 
rotation of the whole particle. The corresponding expression 
for 4, is 

1/42 = 1/4s + 1/4P (4) 

$ J ~  may itself be a composite correlation time that represents 
two or more different motional processes. The longest motion 
time corresponds to unrestricted motion such as particle tum- 
bling. The amplitude of this term (rJ is the residual anisotropy 
remaining after all faster motions have ceased. The residual 
anisotropy can be related, in a model-dependent way, to the 

semiangle (0,) of a cone in which the fluorophore transition 
dipole freely wobbles (Kinosita et al., 1977; Lipari & Szabo, 
1980): 

rp/ro = (cos (0c)[l + cos (0c)ll/4 ( 5 )  

These motional amplitudes can also be analyzed in a 
model-independent way by simply inverting the general ex- 
pression for the anisotropy 

(6) 

to obtain a value for the root mean square cos ($). The value 
of $ obtained directly from this equation corresponds to a 
&function angular distribution of the transition dipole angle 
about a symmetry axis [ p ( 0 )  = 6(0 - $)I. For the case of a 
uniform distribution within a cone [ p ( 0 )  = constant, 0 < e,] 
we obtain eq 5. The angles BC (cone distribution) of eq 5 and 
$ (&function distribution) of eq 6 are, of course, numerically 
related. For 0, = 10, 20, and 30°, $ = 7, 14, and 21°, re- 
spectively. The application of any such simple model to the 
motions of tryptophan in a protein is only approximate but 
gives a qualitative idea of the range of motions involved for 
an observed anisotropy decrement. 

Rotational Correlation Times. The rotational correlation 
time of a sphere, V,,v/RT, was used to evaluate 4p for spheres 
equivalent in mass to PLA,, ProPLA,, PLA2/C16PN, and the 
C16PN micelle. The volume was calculated from the molecular 
weight and the partial specific volume for each species. 
Molecular weights of 13 800 and 14 600 were used for PLA, 
and ProPLA,, respectively. The molecular weight of 
PLA2/C16PN is temperature dependent and the values used 
in the calculation [98000 (8 "C), 84000 (20 "C), and 60000 
(40 "C)] were estimated from a least-squares fit to the gel 
filtration values at 15, 25, and 35 "C reported by Soares de 
Araujo et al. (1979). For the molecular weight of the pure 
detergent micelle we have used the value at 25 "C determined 
by Soares de Araujo et al. (1979) from light scattering 
(90000). The partial specific volumes used in the calculation 
were (in cm3/gm) 0.707 (proteins) and 0.98 (detergent mi- 
celle) and for the complex at  different temperatures, 0.92 (8 
"C), 0.90 (20 "C), and 0.87 (40 "C). The values for the 
complex were calculated from the weight percent protein and 
lipid in the complex at each temperature and the partial 
specific volumes of the pure components (Hille et al., 1981). 

RESULTS 
Temperature Dependence of the Steady-State Anisotropy. 

The reciprocal of the steady-state anisotropy, l / ( r ) ,  of Trp-3 
in ProPLA,, PLA,, and the PLA2/C16PN complex is plotted 
versus the ratio of temperature to viscosity ( T / v )  in Figure 
2. In this experiment the effect of viscosity on the anisotropy, 
collected with 300-nm excitation and 340-nm emission, was 
studied by changing the temperature. ( r )  was substantially 
lower for ProPLA, than for PLA, at all temperatures mea- 
sured. Given that the mean fluorescence lifetime for the 
zymogen is similar to or less than that of the enzyme (Lu- 
descher et al., 1985), this suggests that there is a larger am- 
plitude of motion for the tryptophan in the larger proenzyme. 
The reciprocal of the y intercept of the plot of l / ( r )  versus 
T / q  gives an estimate of the effective initial anisotropy, (r.O)eff. 
The magnitude of (ro),n is a measure of the residual anisotropy 
that remains at times longer than rapid internal motions. From 
the plots in Figure 2, (ro)en is approximately 0.19 for ProPLA, 
and 0.24 for PLA,. This confirms the conclusion that the lower 
value of ( r )  for the zymogen is due to a larger amplitude for 
internal motions of the tryptophan in the protein. At the 

r p / r o  = ([3 cos2 ($) - 1]/2), 
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FIGURE 2: Perrin plot of the temperature dependence of the 
steady-state anisotropy of Trp-3 in ProPLA,, PLA2, and the 
PLA2/cl6PN complex. The anisotropy was measured at 8, 20, 29, 
and 40 OC. The reciprocal of the y intercept is a measure of (r& 
(see text). (ro),ff is 0.19 for ProPLA,, 0.24 for PLA2, and 0.33 for 
PLA2/CI6PN. Excitation was at  300 nm (4-nm slits) and emission 
at 340 nm (8-nm slits). 

excitation wavelength of these measurements, ro for tryptophan 
is approximately 0.303 (Valeur & Weber, 1977). Since (rO)eff 
is lower than 0.30 for both proteins, it appears that Trp-3 has 
appreciable mobility in these proteins and that the amplitude 
of the fast motion(s) is larger in ProPLA2 than in PLA,. 

This analysis assumes that the amplitude of the fast internal 
motion, ro - (rO)eff,  is independent of temperature. This con- 
dition is not expected to hold in general and, although it is 
consistent with the linearity of the plots of Figure 2, the validity 
of this assumption is difficult to establish with a limited range 
of temperature or viscosity. However, the time-resolved 
measurements presented below are also consistent with a 
temperature-independent amplitude for the fast motion. 

When PLA2 binds to CI6PN micelles, the tryptophan 
steady-state anisotropy increases from 0.183 to 0.257 at 20 
OC. This increase is due in part to a larger rotational corre- 
lation time for the complex; the particle molecular weight 
changes from 13 800 to 84 000 when the PLA2/CI6PN complex 
forms (Soares de Araujo et al., 1979). A change in internal 
dynamics may also contribute to the larger value of ( r ) .  The 
increase in (rO)eff from 0.24 to 0.32 when the enzyme binds 
to CI6PN micelles indicates that the local motion of the 
tryptophan is sensitive to the formation of a lipid complex. 
Since (ro),n for the tryptophan in PLA2/C16PN is close to the 
value expected for a completely immobilized fluorophore 
(0.30), it is possible that there is little internal rotational motion 
of Trp-3 in the complex. This is confirmed by the time-de- 
pendent analysis given below. 

It is conceivable that some (or all) of the difference in the 
steady-state anisotropy for PLA2, ProPLA,, and the CI6PN 
complex observed with excitation at 300 nm is due to differ- 
ences in the value of the intrinsic anisotropy, ro, at this 
wavelength due to the shift in the absorption spectrum (Valeur 
& Weber, 1977; Weber, 1960). In order to test this point, 
the variation of the average (static) anisotropy, ( r ) ,  was de- 
termined for each sample as a function of excitation wave- 
length (Figure 3).  A very similar monotonic decrease in ( r )  
was observed as the excitation wavelength was decreased from 
306 to 290 nm. We conclude from this that spectral differ- 

A determination of ro for N-acetyltryptophanamide in propylene 
glycol using the apparatus used for these time-resolved protein studies 
results in a value of ro = 0.29-0.32 for the same excitation and emission 
conditions. 
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FIGURE 3: Variation of the steady-state anisotropy of PLA,, ProPLA,, 
and the Cl,PN/PLA2 complex. The excitation bandpass was 2 nm; 
emission was at 350 nm with a bandpass of 16 nm (20 "C). 
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FIGURE 4: Anisotropy decays of Trp-3 in ProPLA,, PLA2, and the 
PLA2/C16PN complex at 20 OC. The curves are calculated point by 
point directly from the collected parallel and perpendicular decay 
transients: r( t )  = [Zw(t) - ZVb(t)]/[Zw(t) + 2Zvh(t)]. Time zero is the 
point where the machine response function begins to rise. The ex- 
citation wavelength was 300 nm. The emission was collected through 
a Corning 7-60 broad-band interference filter (3 10-390-nm trans- 
mission, 350-nm maximum). 

ences are not the origin of the significant differences between 
the values of ( r )  of the tryptophan fluorescence in these three 
environments. 

Time-Resolved Anisotropy of Trp-3. The time-resolved 
anisotropy decays of Trp-3 in ProPLA,, PLA2, and PLA2/ 
CI6PN at 20 OC are plotted in Figure 4. The curves are 
calculated directly from the parallel and perpendicular decay 
transients. The machine response function is fast enough 
(fwhm of ca. 100 ps) that only the initial portion of the decay 
contains appreciable convolution artifacts (Papenhuijzen & 
Visser, 1983). We can thus make some qualitative conclusions 
from an examination of the raw data. First, the slopes of the 
long decay for ProPLA2 and PLA2 are similar, while the decay 
of the complex is much slower. Second, the amplitude of the 
fast decay, determined by extrapolating the slowly decaying 
linear region of the anisotropy curve back to zero time and 
subtracting this value from ro = 0.30, is much larger for 
ProPLA, and PLA, than for the lipid complex. Third, there 
appears to be a significant difference between the zymogen 
and the processed enzyme in the intermediate time region, with 
the zymogen having a higher anisotropy throughout this region. 
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Table I: Analvsis of the Anisotroov Decav of ProDhosoholipase A, at 20 OC" 

applrngb 716' rl $1  (PS) r2 42 (ns) TP d, (ns) x z  r0 

PMTl30 413 0.14 f 0.04 120 f 30 0.08 f 0.01 2.5 i 0.2 0.16 i 0.01 8.0 f 0.2 1.50 0.38 f 0.06 
3 j 3  0.11 f 0.07 170 i 70 
412 
312 

412 
312 
4/ 1 
311 

412 
312 
4/ 1 
311 

MCP/40 413 0.06 f 0.08 76 f 62 
313 0.11 i 0.05 81 i 30 

MCPI2O 413 0.12 f 0.05 87 f 28 
313 0.14 i 0.06 82 f 26 

0.09 f 0.01 2.8 f 0.3 0.15 i 0.01 8.3 f 0.3 1.61 0.35 f 0.09 
0.07 i 0.00 1.3 f 0.7 0.19 f 0.00 7.2 f 0.1 1.61 0.26 i 0.01 
0.08 f 0.00 2.2 f 0.1 0.17 f 0.00 7.9 i 0.2 1.63 0.25 f 0.01 
0 . 0 6 f 0 . 0 0  1 . 3 f 0 . 1  0 . 1 7 i 0 . 0 0  7 . 5 f 0 . 1  1.11 0 . 2 9 f 0 . 0 9  
0.06 f 0.00 1.6 i 0.2 0.17 i 0.00 7.7 f 0.2 1.24 0.33 f 0.05 
0 . 0 6 i 0 . 0 0  1 . 1 i O . 1  0 . 1 8 i O . 0 0  7 . 3 f 0 . 1  1.12 0 . 2 4 i 0 . 0 0  
0.06 i 0.00 1.1 f 0.1 0.18 f 0.00 7.3 f 0.1 1.28 0.24 f 0.00 

0.21 i 0.00 5.9 f 0.0 1.60 0.21 f 0.00 
0.21 i 0.00 5.9 f 0.0 1.75 0.21 f 0.00 

0.08 f 0.01 2.2 i 0.3 0.16 f 0.01 8.2 f 0.5 1.05 0.36 i 0.07 
0.08 f 0.01 2.2 f 0.3 0.16 f 0.01 8.2 i 0.5 1.08 0.37 i 0.08 
0 . 0 6 i 0 . 0 0  l . O i O . l  0 . 1 9 i 0 . 0 0  7 . 2 f 0 . 1  1.09 0 . 2 5 f 0 . 0 0  
0 . 0 6 i 0 . 0 0  1 . 1 i 0 . 1  0 . 1 9 f 0 . 0 0  7 . 2 f 0 . 1  1.18 0 . 2 5 f 0 . 0 0  

0.23 f 0.00 5.8 f 0.0 1.41 0.23 f 0.00 
0.23 i 0.00 5.8 f 0.0 1.44 0.23 f 0.00 

'Excitation at 300 nm; emission collected through a broad-band filter (Corning 7-60; 310-390-nm transmission, maximum at  350 nm). 
bApparatus/time range. PMT = photomultiplier detection; MCP = microchannel plate detector. The full-scale time range is 20, 30, or 40 ns as 
indicated. cNumber of lifetime components (7) used in the analysis of the total decay and the number of decay components (9) used in the analysis 
of the anisotropy decay. 

Table 11: Analysis of the Anisotropy Decay of Phospholipase A2" 

auulrng 716 rl dl (us) r, dn (ns) 7, X 2  

0.06 i 0.02 114 f 28 0.24 f 0.00 6.3 f 0.0 0.31 f 0.02 1.095 
0.25 i 0.00 6.1 i 0.0 0.25 f 0.00 1.169 

0.10 f 0.06 76 i 30 0.24 i 0.00 6.1 i 0.0 0.34 i 0.06 1.053 
0.24 f 0.00 6.0 i 0.0 0.24 f 0.00 1.098 

0.03 f 0.01 220 f 53 0.24 f 0.00 6.4 f 0.1 0.27 i 0.01 1.107 
0.24 f 0.00 6.1 f 0.0 0.24 f 0.00 1.165 

MCP/40 412 
4/ 1 

MCP/2O 412 
4/ 1 

MCP/ 10 412 
4/  1 

'Same conditions and notations as for Table I. 

Table 111: AnisotroDv Decav Parameters for Trp-3 in ProPLA, and PLA, at 8, 20, and 40 OC" 

sample T(OC) rl dl (PS) r2 dz (ns) rP d* (ns) r0 

ProPLA2 8 0.06b 40 f 7 0.030 f 0.003 1.7 f 0.3 0.21 f 0.04 8.4 f 0.1 
20 0.07 f 0.03 180 f 80 0.08 i 0.01 2.7 f 0.4 0.16 f 0.01 8.2 f 0.4 0.30 
20* 0.06 f 0.08 76 i 62 0.06 f 0.00 1.3 i 0.1 0.17 f 0.00 7.5 f 0.1 0.29 
40 0.08 f 0.16 100 f 30 0.03 f 0.03 0.6 i 0.4 0.19 i 0.01 3.4 i 0.1 0.30 

PLA2 8 0.1 f 0.4 100 f 20 0.247 f 0.001 9.95 f 0.08 0.35 
20 0.057' 180 f 40 0.243 f 0.001 6.97 f 0.04 
20* 0.06 f 0.02 114 i 28 0.240 i 0.001 6.35 i 0.05 0.31 
40 0.07 f 0.11 100 f 100 0.222 f 0.001 3.32 f 0.02 0.29 

'Same conditions as in Table I. The data were obtained with the PMT apparatus except for the 20 OC case marked with an asterisk, which is the 
result of an analysis of data obtained with the MCP device. b*cThe values are obtained by subtracting the sum of the more accurately determined 
values of the longer time components from 0.3. The values of rl obtained for these cases are clearly too large: ( b )  rl = 0.5 i 0.9; ( c )  rl = 0.5 f 0.1. 

All of these conclusions are confirmed by quantitative 
curve-fitting analyses. 

Trp-3 Dynamics in ProPLA, and PLA,. The results of a 
detailed analysis of the anisotropy decay of Trp-3 in ProPLA, 
at 20 "C by least-squares iterative reconvolution (LSIR) are 
presented in Figure 5a and Table I. The bottom curves are 
plots of the undeconvoluted anisotropy decay calculated di- 
rectly from the parallel and perpendicular decay transients. 
The convoluted fit functions are also plotted (smooth curves 
through the data). The upper curves in each panel show the 
modified residuals for the individual parallel and perpendicular 
decay transients. A similar analysis of the decay of Trp-3 
anisotropy in PLA, at  20 OC is plotted in Figure 5b. 

A detailed numerical analysis was made of much of the data. 
An example is given in Table I. This case of proPLA, at 20 
OC is one of the most complex situations observed and illus- 
trates the reasoning used. The individual parallel and per- 
pendicular decay data were fit simultaneously with optimi- 
zation of both the fluorescence lifetime decay and anisotropy 
decay parameters. In this way the x2 values obtained represent 
the overall fit of the entire model to the data (Cross & 
Fleming, 1984). The results for both three- and four-com- 

ponent lifetime decay models and one-, two-, and three-com- 
ponent anisotropy decay models are shown. Data for both the 
PMT and MCP systems are shown. It is evident that the 
number of components used in the lifetime analysis (three or 
four) has only a minor effect on the extracted anisotropy 
parameters in most cases. 

Table I1 presents a similar analysis of several sets of data 
obtained for PLA2 at 20 OC. Attempts to fit these data with 
three correlation times resulted in two identical correlation 
times, zero amplitudes, or zero-divide errors. 

The fit parameters from LSIR analysis of Trp-3 anisotropy 
decays in ProPLA, and PLA, at 8, 20, and 40 OC are listed 
in Table 111. The sum of the preexponential terms, ro, is 
included for each case. Except in two instances where rl is 
unreasonably large, the fit ro values are close to the expected 
value of 0.3. This demonstrates that we are resolving all of 
the motion of Trp-3 in these proteins. 

The long-time decay terms ( rp  and 4p) presumably corre- 
spond to isotropic rotation of the proteins. The variation of 
this relaxation time with T / T  is shown in Figure 6. The 
rotational diffusion times calculated from the Stokes-Einstein 
equation for a sphere equivalent in volume to these proteins 
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FIGURE 5 :  LSIR analysis of the anisotropy decay of Trp-3 in ProPLA2 ,-) and PLAz (b) at 20 ' C .  The noisy decays are the undeconvoluted 
anisotropy decays (calculated as in Figure 3). (a) One-, two-, and three-component exponential component functions fit to the ProPLA, anisotropy 
decay convoluted with the machine response function are plotted as smooth curves through the data. The modified residuals for the individual 
parallel and perpendicular decay transients are shown at the top of each panel. (b) One- and two-exponential fits to the PLA2 anisotropy 
decay are plotted through the data; the residuals are also plotted. For both cases the excitation was at 300 nm, and emission was collected 
through a Corning 7-60 band-pass filter (310-390 nm, maximum at 350 nm). 

are also plotted in Figure 6.4 The measured correlation times 
for both proteins are larger than the calculated values at  each 
temperature. This is to be expected since the calculated values 
are based on the unhydrated molecular weights for spherical 
particles. The values of @p for PLA, are roughly linear with 
q /  T ,  but the values for ProPLA2 deviate significantly. The 

' The molecular volume that we calculate from the protein dimensions 
quoted in Allegrini et al. (1985) results in a rotational correlation time 
of 4 ns, in very close agreement with the value obtained from the partial 
specific volume and molecular weight as used here. 

reason for this behavior is not clear. 
The influence of glycerol on the dynamics of Trp-3 in 

ProPLA, at 20 OC is illustrated in Figure 7. The anisotropy 
decay is plotted for glycerol concentrations of 0, 44, and 57 
wt %. The slope of the decay is obviously affected by the 
increased solution viscosity. In the inset to Figure 7 the long 
correlation times are plotted versus solution viscosity. The 
excellent linear relation demonstrates that this correlation time 
corresponds to the rotation of the entire protein. The variation 
of @p vs q / T  is essentially the same for Figure 6 (where tem- 
perature was varied) and Figure 7 (where the viscosity was 
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Table IV: Fit Anisotropy Decay Parameters for Trp-3 in PLA2/CI6PN and tPnA in C16PN Micelles at 8, 20, and 40 OC" 
samDle T ("C) rl d1 (us) r7 6 (ns) r,  6- (ns) d,b (ns) rn 

PLA2/C16PN 8 0.02 f 0.04 200 f 20 0.286 f 0.001 27.6 f 0.3 53 0.31 
20 0.024' 70 f 70 0.276 f 0.001 16.1 f 0.1 33 
20* 0.023 f 0.004 203 f 48 0.291 f 0.001 21.7 f 0.3 33 0.31 
40 0.02 f 0.56 40 f 15 0.268 f 0.001 6.8" 13 0.29 

tPnA/CI6PN 8 0.133 f 0.001 240 f 10 0.06 f 0.01 1.25 f 0.01 0.204 f 0.001 29.6 f 0.1 52 0.40 
20 0.151 f 0.001 150 f 10 0.08 f 0.01 0.74 f 0.01 0.171 f 0.001 15.4 f 0.1 39 0.40 
40 e 0.18 f 0.01 0.29 f 0.01 0.151 f 0.001 6.7 f 0.1 22 0.33 

"Tryptophan excitation at 300 nm; emission collected through a broad-band filter (310-390 nm, maximum at 350 nm). Parinaric acid excitation 
at 300 nm; emission collected through a Corning 0-52 long pass filter (transmission cutoff at 350 nm). All data were obtained with the photomul- 
tiplier detector except for the 20 O C  experiment marked with an asterisk. bCalculated particle correlation time for an unhydrated sphere of the same 
volume. 'This value is an estimate of the amplitude of the rapid component determined by subtracting the more accurately determined value of rp 
from 0.3. The fit value of rl  = 0.1 f 0.2. "This value is an underestimate because of downward curvature in the anisotropy decay. eLSIR analysis 
finds onlv two exwnentials. The low value of r,, indicates that a fast-decay comuonent is not being resolved. 

0 ProPLA2 

I 
I I 

0 I 2 3 4 5 

q / T  (PoireIK a IO5) 

FIGURE 6 :  Particle rotational correlation times for ProPLA2 (0) and 
PLAz (A) as listed in Table 11. The lines at the bottom show the 
behavior expected for unhydrated spheres of the equivalent volume. 
The dashed line is for ProPLA2; the solid line is for PLAz. 
varied by addition of glycerol). This demonstrates that the 
longest decay component of the anisotropy indeed represents 
overall rotation of the protein. 

Trp-3 Dynamics in the PLA2/C16pN Complex. The results 
of LSIR analysis of the anisotropy decay of Trp-3 in 
PLA2/CI6PN micelles at 8, 20, and 40 "c are listed in Table 
IV. The analysis finds two exponentials for the decay at each 
temperature. The sum of the preexponentials is found to be 
close to 0.3, again indicating that we are resolving all of the 
motion. The amplitude associated with particle decay (rp) in 
the complex is considerably higher than the corresponding 
amplitude in PLA2 (compare Tables I1 and 111). This clearly 
shows that the amplitude of the fast decay decreases upon 
complex formation. 

At 8 and 20 OC two exponentials can be considered an 
adequate fit to the anisotropy decay. The decay behavior at 
40 OC, however, is unusual and cannot be described by a simple 
sum of exponentials. In this case r(t)  curves downward at long 
time; i.e., the slope of the curve becomes more negative at 
longer time. This behavior is not an instrumental artifact. This 
effect is reproducible, is not seen in PLA2 decays, and appears 
only when PLAz forms a complex with C16PN. This behavior 
is probably due to population heterogeneity in the fluorescence 
lifetime of the complex and a correlation between the 
fluorescence lifetime and the rotational correlation time. 
Similar behavior has been seen in other systems (Ludescher, 
1984a,b) and is discussed elsewhere (Ludescher et al., 1987; 
Hudson et al., 1986, 1987). 

The correlation times for isotropic rotation of the PLA2/ 
C16PN complex (Table IV) are smaller than the values pre- 
dicted from the Stokes-Einstein equatian. These differences 
are even more significant because the calculations assume an 
unhydrated spherical particle and are thus minimum values. 
Since the detergent micelle is not a rigid particle, the lower 

- 0 4  1 

0 5 IO I5  $0 25 33 
L V ,  

Time (nsl 

FIGURE 7 :  Effect of glycerol on the anisotropy decay of Trp-3 in 
ProPLA2 at 20 OC. The decays are in 0,44, and 57 wt % glycerol 
(lowest to highest). The inset shows the dependence of the particle 
rotational correlation time (&) on the solution viscosity. Excitation 
was at 300 nm, and emission was through a broad-band emission filter 
(Corning 7-60).  

correlation time may be due to a slow internal motion of the 
chromophore in the micelle. Such a motion would not be 
detected separately from overall particle rotation if it is iso- 
tropic, i.e., unconstrained, and on the same time scale as the 
particle rotation. This is in contrast to the constrained internal 
motions seen in ProPLA, and PLA,. It is straightforward (see 
eq 4 under Materials and Methods) to calculate the correlation 
time of this postulated internal motion from the measured 
values of dp and the calculated particle rotational correlation 
times. These values range from about 60 ns at 8 OC to about 
14 ns at  40 OC. The possibility of a slow internal motion of 
Trp-3 in the PLA2/CI6PN micelles is supported by anisotropy 
decay measurements for the polyene fatty acid fluorophore 
trans-parinaric acid (Sklar et al., 1977; Hudson & Cavalier, 
1987) in pure CI6PN micelles. The parameters of the an- 
isotropy decays at 8,20, and 40 "C are listed in Table IV. The 
longest correlation times detected by this probe are very similar 
to the values observed for the PLA2/CI6PN complex and 
considerably less than the values calculated for a rigid sphere 
with the micellar volume. 

The zymogen does not bind to micelles of n-alkylphospho- 
cholines. The anisotropy decay of ProPLA, in the presence 
of 5 mM CI6PN at 20 OC requires a three-exponential de- 
scription. The overall protein correlation time, &, is un- 
changed by the presence of the detergent, demonstrating that 
a protein/micelle complex is not formed. The amplitude of 
the intermediate motion (rJ, however, decreases by more than 
half. The reason for this is not clear but could involve binding 
of monomeric CI6PN to the zymogen. This binding is expected 
given that the zymogen is enzymatically active toward mo- 
nomeric phospholipids. 
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The anisotropy behavior observed for trans-parinaric acid 
in CI6PN micelles is quite similar to that observed for the 
tryptophan residue of ProPLA2. The fact that the values of 
ro obtained from fits to these data at 8 and 20 "C are precisely 
equal to the known value of 0.4 for trans-parinaric acid 
(Hudson & Cavalier, 1987), which is also the theoretical 
maximum, confirms the reliability of the data obtained with 
this apparatus and the method of analysis used. This indicates 
that variations in the value of ro observed for protein trypto- 
phan fluorescence represent a lack of resolution of rapid in- 
ternal reorientational motion. 

DISCUSSION 
The analysis of the anisotropy decay for the tryptophan 

residue of PLA, (Table 11) shows that a single-exponential 
form results in a reasonable value of x2 but a low value of ro. 
Analysis with a double-exponential form results in only a small 
decrease in x 2  but improves ro considerably. Inclusion of this 
second-exponential component has little effect on the amplitude 
or relaxation time for the slower (overall rotation) motion, and 
thus the interpretation of the long-time behavior of the an- 
isotropy decay is unaffected by the inclusion of a term rep- 
resenting the rapid motion. 

The correlation times for the fast motion of Trp-3 in PLA2 
at 20 "C obtained from a double-exponential analysis of the 
anisotropy decay appear to be in the 15-220 ps range; the 
mean value obtained with five independent determinations was 
134 f 26 ps. The statistical uncertainty on any one deter- 
mination is rather high, however, and this number can only 
be considered an estimate. The angular extent of the fast 
motion of Trp-3 in PLA2 can be reliably estimated from the 
values of the anisotropy decrement associated with this fast 
motion. The values of rp determined from the tryptophan 
anisotropy decays range from 0.22 to 0.25,s in excellent 
agreement with the value of (r& of 0.24 determined from 
the temperature-viscosity variation of the steady-state po- 
larization (Figure 2). The temperature dependence of rp, 
although small, is in the expected direction, and the statistical 
errors are small. We therefore believe that these values of rp 
are reasonably precise and that ro - rp accurately reflects the 
amplitude of internal motion of the tryptophan residue. We 
can convert these values into a (model-dependent) angular 
extent using eq 5 and an ro of 0.3. At 20 "C Trp-3 in PLA, 
can rotate through a cone of semiangle (e,) of 21' when PLA, 
is free in solution. This angular range is substantially inde- 
pendent of temperature being 20-21' at  8 'C and 25" at 40 
"C. 

The range of angular motion observed for the tryptophan 
residue of PLA2 is in agreement with a static model building 
calculation presented in Figure 8. This calculation is based 
on the 1.7-A resolution structure of the bovine enzyme 
(Dijkstra et al., 1983). The graphics program FRODO (Jones, 
1978) running on MMS-X hardware was used to rotate Trp-3 
about its C,& bond (with all other angles held fixed) until 
van der Waals contact distances were approached. This ro- 
tation preserves the indole N-H hydrogen bond present in the 
X-ray structure and causes a large reorientation of the indole 
transition dipole (Yamamoto & Tanaka, 1972). Rotations 
of +20° and -25" (relative to the X-ray-determined equilib- 
rium structure) were possible before van der Waals contacts 

V O L .  2 1 ,  N O .  1 7 ,  1 9 8 8  6625 

The mean and standard deviation of the amplitude of the longest 
correlation time motion obtained from four independent experiments 
conducted with the MCP system were 0.240 * 0.001 for analyses in 
which two anisotropy relaxation times were employed and 0.244 * 0.001 
when analyzed by using only a single relaxation time. 

. 

FIGURE 8: Structure of the Trp-3 residue and its immediate envi- 
ronment in bovine phospholipase A*. In panel a the Trp-3 ring has 
been rotated clockwise about the C -Cy bond until van der Waals 
contact is reached. Panel b shows t i e  unrotated structure observed 
for the crystal. Panel c is the same as (a) but with rotation in the 
opposite direction. The small crosses are crystallographically de- 
termined water molecules. 

were encountered. This range of 45" compares well with the 
value of 42" deduced from the fluorescence measurements. 
Furthermore, a "static protein" model of this motion is con- 
sistent with the temperature independence of the range of this 
motion. The relatively rigid nature of the protein is reasonable 
given its extensive disulfide cross-linking. Thus, we conclude 
that the amplitude of the fast internal motion of Trp-3 of PLA2 
makes sense in terms of the structure of this protein. 

The binding of PLA2 to CI6PN micelles decreases the am- 
plitude of the fast rotational motion of Trp-3 (compare Tables 
I11 and IV). The values obtained for rp from the time-resolved 
measurements (0.27-0.29) are essentially temperature inde- 
pendent and in reasonable agreement with the value of (ro),n 
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of 0.3 obtained from the steady-state polarization measure- 
ments for this complex. The small decrement of r from the 
value of 0.3 corresponds to a value of Bc = 14O for PLA, in 
the complex, compared to a value of 21’ for PLA, in solution. 
Thus, PLA, binding to C16PN seems to decrease the confor- 
mational flexibility of Trp-3. The molecular interactions that 
cause this immobilization are either protein-protein or pro- 
tein-lipid. Since the binding transfers the tryptophan into a 
hydrophobic environment (Van Dam-Mieras et al., 1975; 
Ludescher et al., 1985), we conclude that lipid-protein in- 
teractions are probably responsible. Complex formation may 
involve a local conformational change at the N-terminus that 
swings the tryptophan away from the face of the protein to 
interdigitate with the acyl chains of the micellar lipids. 

The particle rotational correlation times measured for the 
PLA2/C16PN micelle are less than the calculated values for 
an equivalent sphere. This result is also found for the pure 
C16PN micelle probed with trans-parinaric acid. There is 
ample evidence that the molecular weights of the C16PN and 
PLA,/C16PN micelles used to calculate the +p values are 
accurate. The PLA2/C16PN molecular weights determined 
by light scattering (Donne-Op den Kelder et al., 1981) and 
gel filtration (Soares de Araujo et al., 1979) are in good 
agreement. The molecular weight of C16PN micelles has been 
determined from light scattering (Soares de Araujo et al., 
1979). The angular dependence of the scattering intensity 
indicates that both the C16PN and PLA2/C16PN micelles are 
monodisperse. Thus, the discrepancy between the calculated 
and observed values cannot be due to errors in the molecular 
weights. A possible explanation for the shorter than expected 
rotational correlation times is that there is an isotropic “slow” 
internal motion in the detergent micelle. The absence of any 
specific molecular details on the nature of lipid motions in 
micelles complicates an interpretation (Wennerstrom & 
Lindman, 1979). Lindblom and Wennerstrom (1979) mea- 
sured D for various amphiphiles in lyotropic liquid crystals and 
found values ranging from 2.2 X 10” to 5 X lo-* cm2 s-l. It 
is interesting to note that a particle with a diffusion coefficient 
of 10“ cm2 s-l diffusing on the surface of a sphere the size 
of one of these micelles moves through an angle of 57’ in 25 
ns. Thus, the diffusional interchange of lipid molecules, re- 
sponsible for translation diffusion, results in rapid reorienta- 
tional motion for a small spherical particle. 

A recent study of the dynamics of deuterium-labeled Trp-3 
and Phe-5 in bovine PLA2 and Trp3  in porcine PLA,, deduced 
from deuterium NMR TI  and resonance line widths (Allegrini 
et al., 1985), differs from our results in several respects. 
Comparison is complicated because analyses of the NMR data 
were probably based on a single correlation time model, while 
our results indicate that there is significant internal motion 
for Trp-3 in PLA,. These authors determine a correlation time 
of 10 ns for porcine PLA, at 20 OC (adjusted to dilute solu- 
tion), a value somewhat longer than the value of 7-8 ns we 
obtain. They interpret this correlation time as being due to 
overall particle motion and conclude that the protein is in- 
ternally rigid. From the disappearance of the deuterium NMR 
signal in the porcine PLA2/C16PN complex, they estimate that 
the correlation time is greater than 35 ns. This result for the 
porcine enzyme is qualitatively consistent with our observa- 
tions. Allegrini et al. (1985) observed a very narrow resonance 
for Trp-3 in bovine PLA2 from which they calculate a cor- 
relation time of 10 ps. This extreme difference between two 
homologous and isostructural proteins is very surprising. We 
have measured the static anisotropy of the Trp-3 fluorescence 
for the bovine enzyme and obtain a value of ( r )  = 0.16 at 20 

OC. The corresponding value for the porcine enzyme is ( r )  
= 0.18. We conclude that the dynamic behavior for the Trp-3 
residues of these proteins is very similar, as expected. 

Our results indicate that the tryptophan residue in the zy- 
mogen exhibits complex internal dynamics. Both the static 
and the time-resolved anisotropy demonstrate that Trp-3 has 
greater freedom of motion in ProPLA, than in PLA2. The 
static anisotropy is lower at all temperatures measured and 
the extrapolated (ro)effis 0.19 compared to 0.24 for PLA2. This 
value for the zymogen is very similar to the value of rp obtained 
from the time-resolved anisotropy measurements (Table I), 
increasing our confidence in these results. 

The analysis of the rapid internal motion of Trp-3 in the 
zymogen presented in Table 1 and Figure 5 clearly demon- 
strates that more than one exponential component is required 
to fit the data. When a two-component analysis is employed, 
the relaxation times obtained are 7.2 and 1.1 ns. The larger 
value corresponds to overall rotation as discussed above; the 
smaller value is clearly much longer than the value obtained 
from the corresponding analysis for PLA,, where + = 130 ps 
or almost 10-fold smaller. This clearly demonstrates a dynamic 
difference between these two proteins. At this level of analysis 
the time scale of this internal motion is fairly well determined. 
The value of ro obtained (0.24 f 0.01) is slightly lower than 
the expected zero-time value. If the same data are analyzed 
by using a three-component fit, the value of ro increases to a 
value that is somewhat higher than the expected limiting value; 
the decrease in x2 for the three-term fit relative to the two-term 
fit is small or negligible. An example of the resulting modified 
residuals is given in Figure 5a. Overall, the three-component 
fit is not particularly preferable to the two-component fit. The 
parameter values obtained from the three-component fit are 
reasonable, however. The value of the shortest relaxation time, 
dl = 94 f 11 ps, is comparable to the value obtained for PLA2. 
The value of the intermediate relaxation time is slightly shorter 
when a new component is included, but it is still much larger 
than the internal motion time scale. Overall, a three-com- 
ponent analysis is not required for these data, but it is not 
unreasonable. 

Independent of this choice, however, it is clear that Trp-3 
in ProPLA2 has more motional freedom than in PLA2. Ac- 
cording to the three-component analysis, the correlation time 
of the new motional component of ProPLA, is 1.5-3.5 ns at 
20 OC (see eq 4 under Materials and Methods). This corre- 
lation time is in the range expected for segmental motion of 
a portion of the protein containing the tryptophan. Both PLAz 
and ProPLA, have seven disulfide bonds in a 14 000-dalton 
protein. Such extensive cross-linking will severely restrict the 
overall segmental flexibility of the molecule. Since the first 
disulfide residue is at position 11 and the tryptophan is at 
position 3, the segmental motion in the zymogen may involve 
the independent motion of some or all of the first 17 residues 
(pyroGlu-7 to Lys-10). There are additional structural fea- 
tures that support this interpretation. First, the N-terminal 
a-helix of both bovine and porcine PLA, is anchored to the 
protein surface in the crystal by extensive hydrogen bonding 
of the cu-NH,+ group of Ala-1 (Dijkstra et al., 1981a, 1983). 
In contrast, the N-terminal amino acid of the zymogen is a 
pyroglutamic acid, which has no free NH3+ amino group. 
Second, the first 10 amino acids of the bovine zymogen, in- 
cluding Trp-3, are disordered in the crystal (Dijkstra et al., 
1982). 

A comparison of the crystal structures of bovine ProPLA, 
and PLAl indicates that the proteins have nearly identical 
conformations except for two regions that are disordered in 
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the zymogen (Dijkstra et al., 1982). Besides the N-terminal 
region from residues -7 to 3 discussed above, residues 62-74, 
which form a loop between helix D and a strand of the ,&sheet 
(see Figure l ) ,  are visible in the electron density map of the 
zymogen but are considerably disordered. A comparison of 
the porcine proteins is not possible because a reliable crystal 
structure of the porcine zymogen is not yet available. In 
porcine PLA, (Dijkstra et al., 1983) the a-amino group of 
Ala- 1 forms hydrogen bonds to Gln-4, to a water molecule that 
is hydrogen bonded to residues in the active site, and to the 
peptide carbonyl of Glu-7 1 (Asn-7 1 in the bovine enzyme). 
Disruption of this hydrogen-bonding network by chemical 
modification (Slotboom et al., 1978) indicates that it serves 
to anchor the N-terminal a-helix of PLAz in a manner that 
is essential for the bonding of PLA, to lipid-water interfaces. 
Since Asn-7 1 is in the disordered loop of the bovine zymogen, 
the hydrogen bond to Ala-1 may help to stabilize this loop in 
PLA,. The N-terminal segmental disorder found in crystalline 
bovine ProPLA,, which may be either dynamic or static dis- 
order, is shown by these present studies to have a dynamic 
component. As Dijkstra et al. (1982) have previously sug- 
gested, this additional segmental freedom in the zymogen may 
be an essential element of the lack of ProPLA, activity toward 
lipid aggregates. 

The regulation of enzyme activity by conformational free- 
dom also seems to underlie the difference in activity of tryp- 
sinogen and trypsin (Huber & Bode, 1978; Huber & Bennett, 
1983). Trypsinogen is converted to trypsin by cleavage of six 
residues from the N-terminus. The new N-terminal amino 
acid, Ile-16, then forms an internal salt bridge with Asp-194 
that stabilizes a region of the protein surface called the ac- 
tivation domain. The activation domain includes the specificity 
pocket of trypsin as well as portions of the active site. The 
activation of trypsin by proteolytic cleavage thus appears to 
involve the formation of specific interactions between the new 
N-terminal residues and the protein itself that stabilize a 
specific conformation in an otherwise flexible molecule. The 
zymogen is apparently inactive because substrate binding is 
hindered due to the conformational flexibility of the activation 
domain. 

A similar mechanism for zymogen activation toward surface 
catalysis may be operating in phospholipase A,. Cleavage of 
the seven amino acids from the N-terminus eliminates con- 
formational states or dynamic flexibility of the zymogen in 
a region of the molecule that is considered part of the lipid- 
binding domain (Dijkstra et al., 1981b). We propose that the 
extensive segmental flexibility that exists in solution may 
account for the failure of ProPLA2 to bind to neutral lipid 
aggregates. The extra conformational freedom at the N- 
terminus may present a significant entropic impediment to 
complex formation if a specific conformational state is needed 
for binding. The finding that the amplitude of the fast rotation 
of PLA, decreases in the CI6PN complex indicates that, at 
least for this residue, a rather static structure is achieved upon 
complex formation. If the decrease in dynamic freedom found 
for Trp-3 also occurs for other residues, the decrease in con- 
figurational entropy for ProPLA2 upon binding may be of 
sufficient magnitude to prevent complex formation. Recent 
studies indicate that ProPLA, can bind to negatively charged 
micelles (Volwerk et al., 1985). In this case, the electrostatic 
interaction of the negatively charged lipids with positively 
charged residues on the surface of ProPLA, may compensate 
for any loss of configurational entropy that binding entails. 

In summary, these time-resolved anisotropy measurements 
demonstrate that Trp-3 in the enzyme phospholipase A2 un- 
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dergoes appreciable internal mobility on the subnanosecond 
time scale. When PLA2 forms a complex with the non- 
hydrolyzable substrate analogue n-hexadecylphosphocholine, 
the amplitude of this rapid wobble decreases by about half. 
The low value of the rotational correlation time of the 
PLA2/C16PN complex supports a model of the protein/lipid 
micelle in which the protein undergoes surface translational 
diffusion on the time scale of the tryptophan fluorescence 
lifetime. In addition, we show that the anisotropy decay of 
Trp-3 in the zymogen is more complex than in the processed 
enzyme. There is an additional rotational motion of inter- 
mediate time scale (-3 ns) that is probably due to the seg- 
mental flexibility of the N-terminus of the protein. This 
additional flexibility at the N-terminus may be related to the 
inability of the zymogen to bind to neutral lipid/water in- 
terfaces. 
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Mechanism of Azide Binding to Chloroperoxidase and Horseradish Peroxidase: 
Use of an Iodine Laser Temperature-Jump Apparatus? 

Josef F. Holzwarth,* Frank Meyer,* Michael Pickard,s and H.  Brian Dunford*J 
Fritz- Haber- Institut der Max- Planck-Gesellschaft, Faradayweg 4-6, D-1000 Berlin 33, West Germany, and Departments of 

Microbiology and Chemistry, University of Alberta, Edmonton, Alberta, Canada T6G 2G2 
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ABSTRACT: The kinetics of azide binding to chloroperoxidase have been studied at  eight pH values ranging 
from 3.0 to 6.6 a t  9.5 f 0.2 O C  and ionic strength of 0.4 M in HzO. The same reaction was studied in 
D 2 0  at  pD 4.36. In addition, results were obtained on azide binding to horseradish peroxidase at pD 4.36 
and pH 4.56. Typical relaxation times were in the range 10-40 ps. The value of kH/kD(on) for chloro- 
peroxidase is 1.16, and kH/kD(off) is 1.7; corresponding values for horseradish peroxidase are 1.10 and 2.4. 
The H / D  solvent isotope effects indicate proton transfer is partially rate controlling and is more important 
in the dissociation of azide from the enzyme-ligand complex. A mechanism is proposed in which hydrazoic 
acid binds to chloroperoxidase in a concerted process in which its proton is transferred to a distal basic group. 
Hydrogen bonding from the newly formed distal acid to the bound azide facilitates formation of hydrazoic 
acid as the leaving group in the dissociation process. The binding rate constant data, k,,, can be fit to the 
equation k,, = k$(l + KA/[H+]), where k3 = 7.6 X lo7 M-' s-' a nd KA, the dissociation constant of hydrazoic 
acid, is 2.5 X 10- M. The same mechanism probably is valid for the ligand binding to horseradish peroxidase. 

A z i d e  is a well-known inhibitor of many enzyme systems. 
The study of the kinetics of azide binding to heme enzymes 
has been hampered because the relaxation time of the reaction 
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falls within the dead time of most instrumental techniques. 
Thus, the kinetics of azide binding to horseradish peroxidase 
required the use of an ultrafast (coaxial cable) temperature- 
jump apparatus (Morishima et al., 1978). In this paper we 
report on the kinetics of azide binding to chloroperoxidase at 
eight pH values over the accessible pH range using an ILTJ' 

Abbreviations: ILTJ, iodine laser temperature-jump apparatus; 
R.Z., reinheitzahl (purity number). 
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