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An engineered calmodulin (VU-9-CaM) has been prepared in which a tryptophan group is present
at position 99 and a tyrosine at position 138. The tyrosine was converted to nitrotyrosine. Time-
domain dynamic fluorescence measurements were made of energy transfer from the tryptophan
donor to the nitrotyrosine acceptor. These were analyzed to yield the parameters characterizing
the distribution of separations between the two groups, which are located on Ca?*-binding domains
IIT and IV. Their mean separation is in reasonable agreement with the crystallographic value.
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INTRODUCTION

Two questions of major importance in compre-
hending the relation between structure and activity of
biopolymers are the equilibrium distribution of confor-
mations and the dynamics of their interconversion. One
experimental approach to this problem is to examine the
distribution of intramolecular separations between two
specific groups by means of radiationless energy trans-
fer. Methods have been developed for determining this
distribution by both time- and frequency-domain mea-
surements of donor decay [1-4] and of sensitized fluo-
rescence of acceptor [5].

An approach of this kind requires some assumption
as to the mathematical form of the distance distribution;
this has often been taken to be Gaussian [2]. If donor
decay only is measured, a simple interpretation requires
that mutual diffusion of donor and acceptor be negligible
during the time decay of the donor [1]. The effects of a
distribution of mutual orientations of the transition di-
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poles of donor and acceptor are difficult to correct for
and should be minimized by an appropriate choice of
fluorophores.

In this report we consider the average separation
and distribution of separations between a donor and an
acceptor group located in Ca?*-binding domains III and
IV, respectively, in an engineered calmodulin, VU9-CaM
[6,7]. In this variant of mammalian calmodulin, the ty-
rosine group at position 99 is replaced by a tryptophan,
while the balance of the primary structure remains un-
changed, including the tyrosine group at position 138.
Nitration of Tyr-138 converts it into a chromophore whose
absorption band shows extensive overlap with the emis-
sion band of Trp-99 and, hence, into an efficient accep-
tor group for the donor fluorescence of Trp-99 [8]. By
the use of these two groups as a donor-acceptor pair,
their separation and distribution of separations have been
examined for different conditions, including the absence
or presence of Ca?+ and neutral or acid pH.

EXPERIMENTAL

Materials

Calmodulin. VU-9 calmodulin was prepared as de-
scribed elsewhere [7]. The protein was homogeneous by
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the criterion of sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis and high-performance liquid
chromatography (HPLC) and had an activity equivalent
to the wild type for the activation of myosin light-chain
kinase. The protein concentration was determined by ul-
traviolet absorption spectroscopy, using a molar extinc-
tion coefficient of 7400 M-* cm~* for the protein in the
absence of Ca?* [6].

Methods

Nitration of Tyr-138. The nitration of Tyr-138 by
tetranitromethane was carried out by a procedure basi-
cally equivalent to that of Richman and Klee [8]. To
VU9-CaM (~100 pM) in 0.05 M Tris, 0.2 M NaCl, 1
mM Ca?*, pH 7.9, was added tetranitromethane (0.2%).
The solution was allowed to stand for 20 h at 3°C. It
was then freed from excess reagent by passage through
a Sephadex G-25 column, eluting with the buffer of
choice. The degree of nitration as determined from the
ultraviolet absorption spectra at pH 6.5 and at pH 10 [9]
was greater than 97%. Richman and Klee [8] have shown
that, in normal bovine calmodulin, only tyrosine is mod-
ified by tetranitromethane. Both the native and the nitro
forms of VU9-CaM were homogeneous by the criterion
of gel electrophoresis; in particular, there was no indi-
cation of any aggregates.

Since tetranitromethane is also known to attack
tryptophan in some proteins, although at a relatively slow
rate [10], it was important to verify that only unmodified
tryptophan was contributing to the emission spectra (data
not shown). The normalized emission spectra of nitro-
VU9-CaM were independent of excitation wavelength
and equivalent to those of unmodified VU9-CaM, as
were the excitation spectra. In particular, no fluores-
cence was excited upon irradiation at wavelengths out-
side the tryptophan absorption band (>325 nm). It thus
appears likely that the only fluorescence observed arose
from unmodified tryptophan.

v Fluorescence. Measurements of the time decay of
fluorescence intensity and anisotropy were made using
the time-domain instrument of the Regional Laser and
Biotechnology Laboratory at the University of Pennsyl-
vania, with the kind assistance of Drs. Gary Holtom and
Sam Abrash. This instrument is equipped with a mode-
locked argon laser which drives a rhodamine laser. The
frequency is 4 MHz. In these studies the excitation
wavelength was 298 nm and the emission wavelength
was 360 nm.

The time decay of fluorescence intensity was ana-
lyzed in terms of amplitudes and decay times using the
least-squares fitting program developed by Dr. Gary
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Holtom [11]. The time decay of fluorescence anisotropy
was analyzed in terms of amplitudes and rotational cor-
relation times, also using a least-squares fitting program
written by Dr. Holtom [11].

Frequency-domain measurements of the time decay
of fluorescence intensity and anisotropy were made using
the variable-frequency phase fluorometer located at the
Center for Fluorescence Spectroscopy, School of Med-
icine, University of Maryland at Baltimore [12]. Mea-
surements were made by Dr. Henry Malak. Data were
analyzed using least-squares fitting programs developed
at the Center for Fluorescence Spectroscopy.

The values of R, the separation for 50% transfer
efficiency between tryptophan and nitrotyrosine, were
determined by standard procedures [13,14] as described
elsewhere [15]. Values for the quantum yield of Trp-99
were taken as equal to 0.19 and 0.15 in the absence and
presence of Ca?*, respectively [6]. Values for the quan-
tum yield under other conditions were obtained using the
former as a standard.

THEORY

If no acceptor group is present, the time decay of
fluorescence intensity of a fluorescent label linked to a
biopolymer is given by

ip(t) = 57: a; e (1)

where ip(t) is the intensity of the donor fluorescence as
a function of time, ¢, and o, and ; are the amplitude and
decay time, respectively, of the ith decay mode.

In the presence of an acceptor group for which there
is a distribution of separations, the above is replaced by
Eq. (2):

ioal)) = | 3 e o {—(r/—r» [t
+ (RJr)ﬁ]} Pdr ()

where r is the separation of donor and acceptor, R, is
the separation for 50% transfer efficiency, and P, is the
probability distribution function for the separation. While
the form of P, is generally unknown, it may plausibly
be represented by a Gaussian function leading ultimately
to the relation (4):

ipalt) = _\}-—'n: J: El: Q; eXp {‘(t/"'i)[l
+ (@ + \/Eoz)—ﬁ]}e—zzdz 3)
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wherez = (u — W2 o3 u = rR;u = 7R, o =
o'/R,; z* = —u/\/2 o; and 7 and o' are the most prob-
able separation and the standard deviation, respectively,
of the Gaussian distribution. (o’ is related to the half-
width, w, of the distribution by w = 2.35 ¢'.)

The above assumes that R, and & are the same for
each of the decay modes. This may not be the case if
the different decay modes arise from different configu-
rations, and hence different microenvironments, of the
fluorophore, whose duration is not short in comparison
with that of the excited state. In this case Eq. (3) may
be replaced by

inalt) = % Z o Li exp{—(—:—.) 1
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+ @ + V2o z)—ﬁl}e—z2 dz  (4)

Here @I, = 7/R,, and o; = ¢'/R,;, where R; is the value
of R, for the ith decay mode. It is reasonable to assume
that R, is related to the average value of R, R,, by R;
= R, (7/7)6, where 7 is the average decay time; this
would be the case if the different decay times arose from
purely dynamic interactions of the excited state. Also,
ﬁi =1u (R_O/Roi)'

Another potentially serious complication is the ef-
fect of a distribution of values of the orientation factor
k?. The common assumption that k> = 2/3 is strictly
valid only if the two transition dipoles have a fixed ori-
entation equivalent to the random or if they undergo a
dynamic reorientation which is rapid in comparison to
the decay of the excited state. It is possible to treat this
case, provided that an assumption is made as to the form
of the distribution function for k2.

If it is assumed that the distribution of values of k2
is rectangular; i.e., the probability of occurrence of a
particular value of k? is constant within the limits k3
and k3 and equal to zero outside these limits. Subject to
these assumptions, we have

o) = Zagg S, [Low{-(£)

+ B@ + V20 z)“s]}e"z2 dzdp (5)

where 8 = (3x%2) and equals the factor by which RS is
altered by the given value of k% B, and B, correspond
to the maximum and minimum values of x2, respec-
tively.

The theory of Haas et al. [16] provides a means of
estimating the limiting values of k?; it is especially rel-

evant to the case where donor and acceptor correspond
to multiple transitions. If the acceptor is a fluorophore
and the polarizations are known for the immobilized
fluorophores, the tables of Haas er al. yield the range of
values of R,.

A potential complication is the occurrence of mu-
tual diffusion of donor and acceptor, which when pres-
ent, may distort the measured separation and distribution
[5]. However, the effects of diffusion can be minimized
by carrying out measurements under conditions of high
viscosity.

CALCULATIONS

An iterative least-squares search procedure [17] was
used in which & and o were systematically varied so as
to obtain an optimum fit of the observed time decay [4].
The stepwise procedure was as follows.

(i) A setof o;, 7; was computed by standard least-
squares fitting procedures to yield the optimum
fit to the time decay of intensity for the donor
in the absence of an acceptor [13,14].

(ii) For trial values of &7 and a; ipa(t) is computed
using Eq. (3) [or Eq. (4)] and then convelved
with the excitation pulse, E(¢'), to yield com-
puted values, I, ., of the intensity of donor in
the presence of acceptor as a function of time:

t

ipac () = L E{)ips (t = t')dt' (6)
For the Ar*-rhodamine laser source used in this study
the excitation pulse (hw = 20 ps) is distributed over a
very few time channels. Equation (6) may be replaced

by
. j=i
ipac ) = 2) E; ipa (t:-)) (7
7~

where ip, (t;) is the computed intensity for time channel
i, E; is the fraction of the excitation occurring in channel
J> and ip,(t;_;) is the intensity as computed from Eq. (3)
[or Eq. (4)] for a time equal to (¢ —j) multiplied by the
time per channel. Since the position of zero time is not
precisely defined in time-domain measurements, zero time
for emission was taken as the time channel for maximum
emission; the units of the o; were chosen so that o

14
was equal to the number of single photon counts in the
latter channel. (Alternatively, >y was treated as a

i
floating variable; however, the optimum fit was always
obtained for the above value.)
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Although the spectroscopic determination of the ex-
tent of nitration indicated that the degree of tyrosine
modification was 100% within experimental uncertainty,
the precision of the determination was not sufficient to
rule out the persistence of a small fraction (<3%) of
unsubstituted tyrosines. Because of the greatly reduced
quantum yield of the nitrated calmodulin, the unsubsti-
tuted molecules may exert a disproportionate influence
upon the time decay. Equation (3) was accordingly mod-
ified to allow for the presence of detectable amounts of
unmodified calmodulin.

ipalt) = eip(t) + (1 — €)ipal®) (®)

where ip(t), the intensity of donor in the absence of
acceptor, is given by Eq. (1) and e is the fraction of the
intensity at zero time which is contributed by the unsub-
stituted material. In practice, the fitting procedure was
carried out for a series of assumed values of €, using
Eq. (8) and those values of e, #, and o selected which
correspond to the minimum value of x2.

RESULTS AND DISCUSSION

Native VU9-CaM

In agreement with the findings of Chabbert et al.
[18], the time decay of intensity for the tryptophan flu-
orescence of VU9-CaM, as obtained from time-domain
measurements, was nonexponential for all the conditions
examined, reflecting the occurrence of multiple decay
modes, For excitation at 300 nm and emission at 360
nm, a reasonable fit was obtained by assuming two de-
cay modes; however, a significant improvement in x>
resulted from an increase in the assumed number of com-
ponents from two to three in both the absence and the
presence of Ca**+ (Table I and Fig. 1). The parameters
obtained from the three-component fit were therefore
employed in fitting data with Eq. (3). The values of the
two lifetimes obtained assuming two decay modes were
similar, although not identical, to those of the earlier
study [18]. There was a difference in that the latter ob-
tained an improvement in fit using a third component
only in the presence of Ca?* at emission wavelengths
below 330 nm. It is possible that these minor differences
can be attributed to the different pH’s (6.5 vs 7.5) and
different excitation wavelengths (300 vs 297 nm) of the
two studies.

Table Ib cites values of decay times obtained from
frequency-domain measurements. An optimal fit re-
quired the assumption of three decay components. The
values of the corresponding decay times show some
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quantitative differences from those determined by time
domain measurements. This is to be expected if there is
a (possibly multimodal) distribution of decay times, rather
than discrete values, since the weighting of different de-
cay modes is different for the two procedures.

The time decay of fluorescence anisotropy could,
in the absence of Ca?*, be fit assuming two rotational
modes; the more rapid of these clearly reflected a lo-
calized rotation, while the longer arose from a more
global motion. In the presence of excess Ca?* no short
correlation time was detected, while the magnitude of
the long correlation time was substantially increased (Ta-
ble II). However, the zero-time anisotropy, A4,, corre-
sponding to the summed amplitudes, was remarkably
low in both cases and much lower than the theoretical
limit of 0.4 (Table II). This must reflect either a rotation
too fast to be resolved or an intrinsically low limiting
anisotropy because of the presence of mixed transitions.

Table IIb cites the results of anisotropy decay analy-
sis using frequency-domain measurements. While quan-
titative differences from the time-domain studies exist
with respect to the magnitudes of the correlation times,
the primary differences are that the zero-time anisotropy,
A,, is significantly greater for the frequency-domain
measurements (0.31 vs 0.23-0.25) and that a short (98-
ps) correlation time is detected for Ca2*-liganded VU9-
CaM by frequency measurements but not by time do-
main. In addition, the amplitudes of the more rapid ro-
tational modes ($3,) relative to the slower (8,) are greater
for the frequency-domain measurements than for the time
domain.

It is probable that these differences arise from the
greater sensitivity of GHz dynamic fluorometry to short
(<100-ps) correlation times. This results in a greater
recovery of anisotropy, as reflected by increased values
of A, and the detection of rapid rotational modes which,
in the time domain, are expressed only by a reduced
value of 4,. It is likely that the short correlation time is
actually a poorly defined average corresponding to more
than one kind of molecular rotation.

Nitro-VU9-CaM

The time decay of tryptophan fluorescence for the
NO,-Tyr-138 derivative of VU9 was dramatically more
rapid than that of the native form (Fig. 2). It was also
more heterogeneous, as indicated by the elevated value
of x? for the optimum two-component fit, as compared
with native VU9-CaM (Table I). The average decay times
were substantially reduced in both the absence and the
presence of Ca?* (Table I), suggesting the occurrence
of radiationless energy transfer. Moreover, the relative
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Table 1. Parameters for Intensity Decay (a) of VU9-CaM and NO,-VU9-CaM* and (b) of
VU9-CaM*
(a) From time-domain measurements
Ty T2 T3
Sample Ca?+ a, (ns) o (ns) as (ns) ?® x*
VU9-CaM - — - 0.464 1.35 0.536 5.83 2.5
- 0.164 0.28 0410 1.82 0426 6.19 337 1.1
+ — - 0.683 1.60 0.317 7.54 3.0
+ 0.127 022 0.609 1.78 0.264 7.99 3.20 1.5
NO,VU9-CaM - — — 0.805 047 0.195 5.11 12.4
- 0.661 020 0.232 130 0.107 6.39 1.09 1.5
+ — — 0.869 0.51 0.131 4.98 63.2
+ 0.673 0.18 0.268 1.05 0.058 6.39 077 2.7
(b) From frequency-domain measurements
Ty T2 T3
Ca?+ o (ns) o, (ns) o (ns) X3
- 0.12  0.59 0.51 2.58 0.37 726 1.6
+ 0.21  0.19 0.45 2.36 0.33 7.40 1.1
“The conditions are those for Fig. 1.
b7 = 3 o/ ;. This definition of average lifetime is cited, rather than the more standard (r)
= ) o} /Za;r,-, because, for dynamic quenching, it is proportional to the quantum yield.
103 Table II. Parameters for Anisotropy Decay of VU9-CaM?
8, 8,
> Ca?* By (ns) B2 (ns) AL X
o
z (a) From time-domain measurements
z - 0.04  0.76 0.21 822 025  1.48
© + — — 0.23 10.49 0.23 1.35
3 (b) From frequency-domain measurements
- 0.07 0.082 0.24 7.14 0.31 2.5
T LT + 0.07 0.098 0.24 7.85 0.31 2.7
] 20
30T TIME. e “The anisotropy as 2 function of time, 4(z), is fitted to a decay function
” of the form A(f) = > B, exp(—#/8,), where B, and 0, are the ampiitude
- i
é ° and rotational correlation time, respectively, corresponding te rota-
o tional mode i. The conditions are the same as for Fig. 1.
[14
-13

Fig. 1. Comparison of experimental and computed curves for VU9-
CaM in 50 mM Mops, 1 mM EGTA, pH 6.5, 25°C. The excitation
and emission wavelengths are 300 and 360 nm, respectively. The
computed curve is generated using the parameters for a three-com-
ponent fit cited in Table Ia. The lower curve shows the distribution of
residuals.

amplitude of the component of long decay time was greatly
reduced in both cases.

Anisotropy at zero time; A4, = B, + B,.

Analysis according to Eq. (3) indicated that it was
impossible to fit the time decay with the assumption that
o = 0 (Fig. 3). Acceptable fits required finite values of
o (Fig. 3 and Table II). It is of interest that the value
of 7 obtained using Eq. (3) was, for Ca?*-liganded cal-
modulin, in reasonable agreement with the crystallo-
graphic separation, 13-15 A (Table III) [19].

Equation (3) assumes that all decay modes of tryp-
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LOG INTENSITY
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Fig. 2. Time decay of fluorescence intensity for VU9-CaM and NO,-
VU9-CaM (~100 M each) under the conditions for Fig. 1.
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Fig. 3. Comparison of fits to experimental data using Eq. (3) and
allowing o to vary ( ) and assuming o = 0 (---) for NO,-VU9-
CaM under the conditions for Fig. 1, except that 2 mM Ca?* is present
instead of 1 mM EGTA.

tophan have the same value of R,. If this assumption is
removed and the data are fitted using Eq. (4), signifi-
cantly shorter separations and broader distributions are
obtained, as expected [4]. However, there was no sig-
nificant improvement in goodness of fit (Table III).

Chabbert et al. [18] have found that the relative
amplitudes of the decay times of the tryptophan fluores-
cence of VU9-CaM are wavelength dependent and that
a time-dependent spectral shift occurs, which may arise
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Table II. Parameters Characterizing the Distribution of Separations
Between Trp-99 and NO,-Tyr-138

Eq.
pH Sucrose Ca?* R, used u o r hw  ¥?
65 - - 263 (3) 0.62 0.09 16.3 5.6 1.9

+£0.01 =£0.01 =03 =0.6

) 056 014 147 87 2.0
+0.01 =001 =03 =06

263 (3) 064 011 168 6821
+0.02 +0.02 =05 =13

65 - + 253 (3) 066 008 167 48 1.85
+0.01 +0.01 =03 =0.6

4) 055 014 139 8318
+£0.01 =0.01 =03 =0.6

50% + 253 (3) 0.65 013 164 7.7 32
+0.01 +0.04 =03 =24

45 - - 263 (3) 062 007 163 4331
+0.01 £0.02 =03 =*1.3

6.5 50%

either from dipolar relaxation [20] or from the occur-
rence of conformations with different spectra whose in-
terconversion is not on a much more rapid time scale
than the fluorescence decay. Behavior of the former kind
has been reported for indole derivatives at low temper-
atures and for single tryptophan-containing mutants of
T4 phage lysozyme [21], whose behavior has some re-
semblance to that of the present system. It is plausible
that the observed wavelength dependence of decay time
may arise from the combined effects of both factors.

Values of 7@ and o computed using Eq. (4) represent
limiting values corresponding to the case where the tran-
sition of the tryptophan between different microenviron-
ments is slow in comparison with its intensity decay. In
view of the evidence for substantial mobility of Trp-99
from the anisotropy decay results, this is unlikely to be
literally the case; it is more probable that the rate of
interconversion is at least comparable to, rather than much
slower than, the decay time. For this reason, as well as
the possible contribution of dipolar relaxation, Eq. (4)
probably corresponds to an overcorrection; the values
obtained from Eq. (3) are probably closer to the correct
ones.

An estimate of the uncertainties associated with the
values of # and & obtained using Eq. (3) may be made
by allowing either # or o to vary while holding the sec-
ond parameter constant for a series of values of the latter.
From the dependence of x* upon z or o (Fig. 4) and
taking a value of 1.2 for normalized x? as corresponding
to the 67% confidence limits, the uncertainties cited in
Table III are obtained. Figure 5 shows a distribution
function computed according to Eq. (3).
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Fig. 4. Dependence of goodness of fit upon the value of & or o in

2 mM Ca?+ ( ) or 1 mM EGTA (---).
100
8o A
60} 4
c..
o
40 a
20 .
[¢} A 1 i L 1 1 L
0 4 8 2 16 20 24 28 32

r(&)

Fig. 5. Probability distribution function for donor-acceptor separation
for NO,-VU9-CaM in 2 mM Ca?+, The conditions are otherwise the
same as for Fig. 1.

There remained the question of the contribution of
any nonrandomness of orientation to the form of the time
decay [16]. The latter workers have evaluated the range
of values of k? consistent with a given pair of limiting
polarization (or anisotropy) values for donor and accep-

tor. From Table II, the limiting anisotropy for Trp-99 is
~0.24 in both the absence and the presence of Ca?*
(corresponding to a limiting polarization of 0.32). While
NO,-Tyr-138 is of course nonfluorescent, for the pur-
poses of this calculation it may be represented by tyro-
sine, for which the limiting anisotropy is ~0.28 [22].
From Table 3 of Haas ef al. [16], the predicted range of
values of k2 is 0.91-1.12. The calculations of Haas et
al. [16] are actually for a collection of immobilized fluo-
rophores. For a case where the limits were 0.91 and
1.08, Haas et al. have shown that the effect upon the
distribution of donor—acceptor separations was negligi-
ble. In the present case, the fluorophores are not im-
mobilized; this is especially the case for the acceptor
[22]. In the case of the thrombic 107-148 fragment,
which contains only Tyr-138, the fraction of the aniso-
tropy decay arising from purely localized motion of the
fluorophore, corresponding to a correlation time less than
500 ps, is 0.70 in the absence of Ca?* and 0.23 in its
presence [23]. Since there is no obvious reason for ni-
tration to interfere seriously with tyrosine mobility, it is
likely that the mobility persists to some degree for NO,-
Tyr-138.

In view of the considerations cited above, it is not
unreasonable to expect that any distribution of dipole
orientations may not contribute significantly to the ap-
parent distribution of donor—acceptor separations. The
use of Eq. (5), which allows for a distribution of ori-
entations, assuming a rectangular form for the distribu-
tion, failed to produce any improvement in fit and in
fact resulted in an increase in x? (Table IV).

To gain further insight into the possible contribution
of a distribution of orientations, as well as mutual dif-
fusion of donor and acceptor, the measurements were
repeated in 50% sucrose in both the absence and the
presence of Ca®*. At 25°C this increases the solvent
viscosity 15-fold. (The use of low temperatures was
avoided, as this might modify the structure.) In the ab-
sence of Ca2+ there is no significant change in either &

Table IV, Separation Distributions Computed Assuming a
Distribution of Orientations®

Ca?+ B2 B1 u o X
- 1.1 0.9 0.60 0.09 2.0
+ 1.05 0.95 0.65 0.08 2.4

1.10 0.90 0.65 0.08 2.4
1.20 0.80 0.65 0.04 2.9
1.30 0.70 0.62 0 36.0

“y and o are computed using Eq. (5). The conditions are the same as
for Fig. 1.
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or o, the minor changes observed being easily within
experimental uncertainty (Table III). In the presence of
Ca?+*, both parameters are likewise unchanged within
experimental uncertainty, although, in the case of o, the
difference approaches the limits of uncertainty. If mutual
diffusion were a significant factor in determining the
efficiency of transfer, it would be expected that the ap-
parent average separation would be greater in the more
viscous medium [5]. As this proved not to be the case,
there is an implication that diffusion is not a major in-
fluence for this system. These results also are relevant
to the question of the influence of a distribution of values
of the orientation factor x? upon the apparent distribution
function for separations. An increase in viscosity would
be expected to reduce the efficiency of randomization of
orientations by rotational motion of the donor and ac-
ceptor [1] and hence to increase the apparent width of
the distribution of separations. While there is a marginal
increase in o in the viscous medium (Table III), it does
not exceed experimental error, with the implication that
the observed distribution is not distorted to a major de-
gree by a distribution of orientations.

Measurements were also carried out at pH 4.5, which
is close to the crystallographic conditions. There was not
a major change in separation or distribution width from
neutral pH, except for a small decrease in both which
was not outside of experimental error (Table III).

Comparison with Other Results

Within experimental uncertainty the average sepa-
ration of Trp-99 and NO,-Tyr-138 is consistent with the
crystallographic separation of Tyr-99 and Tyr-138 (~ 154)
[19], as well as the average separation determined by
transfer between Tyr-99 or Tyr-138 and the nitro deriv-
ative of the second tyrosine [9]. The present results are
thus counter to a major change in the mutual positions
of Ca?+-binding domains IIT and IV in solution, as com-
pared with the crystallographic conditions. In an earlier
publication [6] approximate estimates of the separation
of Trp-99 and Tyr-138 were made using the static effi-
ciency of transfer from tyrosine to tryptophan. While the
value obtained in the absence of Ca?*, 13.5 A, is in
reasonable agreement with the results cited above, the
value obtained for Ca?+-liganded VU-9, 25 A, is unrea-
sonably high, as recognized in the earlier publication [6].
However, the determination of transfer efficiencies by
static measurements encounters severe difficulties for this
system because of the low fluorescence intensity of ty-
rosine as compared with that of tryptophan, with whose
emission spectrum it overlaps. For this reason transfer
efficiencies and apparent separations determined by ty-
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rosine — tryptophan transfer are subject to substantially
greater uncertainties than the transfer determinations de-
scribed in the present paper, for which there is only a
single fluorophore of much greater intensity.

1t is of interest that a significant distribution of sep-
arations exists for all conditions examined, implying a
significant mutual mobility of domains III and IV. There
is thus a small (~10-4), but nonzero, probability of a
close approach of the two residues to van der Waals
contact. This would be consistent with the finding [24]
that Tyr-99 and Tyr-138 can undergo a photochemical
combination.
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