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Abstract

Androcam is a testis-specific protein Bfosophila melanogasteith 67% sequence identity to calmodulin and four
potential EF-hand calcium-binding sites. Spectroscopic monitoring of the thermal unfolding of recombinant calcium-
free androcam shows a biphasic process characteristic of a two-domain protein, with the apo-N-domain less stable than
the apo-C-domain. The two EF hands of the C-domain of androcam bind calcium cooperatively with 40-fold higher
average affinity than the corresponding calmodulin sites. Magnesium competes with calcium biadidg) ~3 X

10° M~1]. Weak calcium binding is also detected at one or more N-domain sites. Compared to apo-calmodulin,
apo-androcam has a smaller conformational response to calcium and addweéical content over a range of exper-
imental conditions. Unlike calmodulin, a tryptic cleavage site in the N-domain of apo-androcam remains trypsin
sensitive in the presence of calcium, suggesting an altered calcium-dependent conformational change in this domain.
The affinity of model target peptides for androcam iS410° times lower than for calmodulin, and interaction of the
N-domain of androcam with these peptides is significantly reduced. Thus, androcam shows calcium-induced confor-
mational responses typical of a calcium sensor, but its properties indicate calcium sensitivity and target interactions
significantly different from those of calmodulin. From the sequence differences and the altered calcium-binding prop-
erties it is likely that androcam differs from calmodulin in the conformation of residues in the second calcium-binding
loop. Molecular modeling supports the deduction that there are significant conformational differences in the N-domain
of androcam compared to calmodulin, and that these could affect the surface, conferring a different specificity on
androcam in target interactions related to testis-specific calcium signaling functions.
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The calcium-signaling protein calmoduli@aM) has been remark- across all evolutionary orde(s.g., Yaswen et al., 1992; Andres &
ably conserved in evolution. For example, CaM proteins fromThummel, 1995 suggesting the continuous evolution of more
mammalian(bovine and arthropod(Drosophila) species show specialized molecules adapted to specific calcium-related func-
98% sequence identitisee Cohen & Klee, 1988, for reviejvsn tions. The muscle-specific troponin C proteins, which typically
most animals, a single version of CaM is present and expresseshow 40-50% sequence identity to CaM, perhaps best exemplify
ubiquitously throughout the organism. However, CaM-related pro-this more specialized class of calcium-signaling-related proteins.
teins with more limited expression patterns are being identified In investigating CaM-related genesbimosophila melanogaster

we detected a single cross-hybridizing gémbmyle et al., 199D

that was subsequently shown to encode a protein with 67% se-

Reprint requests to: Peter M. Bayley, Division of Physical Biochemistry, ; ; ; ;
National Institute for Medical Research, The Ridgeway, Mill Hill, London quence identity to CaMFyrberg et al., 1994(Fig. 1. Like CaM,

NW?7 1AA, United Kingdom; e-mail: p-bayley@nimr.mrc.ac.uk. this protein contains four “EF-hand’-type sequen@ésetsinger,
Abbreviations: Acam, Drosophila melanogasteandrocam; CaMpD. 1980, which could potentially bind calcium. Recently we have

melanogastercalmodulin; CD, circular dichroism; DTT, dithiothreitol; established that thi®rosophila protein is a tissue-specific gene

EGTA, ethylene-glycol-bi§3-aminoethyl etherN, N, N’,N’-tetracetic acid; product, uniquely expressed in the male gonad. Given this testis-

holo-CaM and holo-Acam, calcium-saturated forms of CaM and Acam, - . .
respectively; HSQC, heteronuclear single quantum coherence; IPTépeCIfIC expression, we have termed the gnetein androcam

isopropyl-p-thiogalactopyranoside; Mg-Acam, magnesium-saturated(Acam) (Lu & Beckingham, 199¥. Immunolocalization studies
Acam; sk-MLCK, skeletal myosin light-chain kinase; UV, ultraviolet. have demonstrated that Acam is present throughout most stages of
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Fig. 1. Alignment of Acam androsophilaCaM protein sequences. The Acam amino acid sequence is from Fyrber¢l&©4), with

the I-L correction at residue 104 incorporatsge Materials and methgd3 he DrosophilaCaM sequence is from Smith et 1987).

Acam is 67% identical and 85% similar BrosophilaCaM. Identical residues are boxed and shaded; conservative changes are shaded.
Calcium-binding loops of EF hands 1, 2, 3, and 4 of CaM are markedingle tyrosine residue of both Acam and CaM,; single
tryptophan present uniquely in Acam. Primary trypsin cleavage sites in the presence of EEYAr calcium(+Ca) for each protein

are indicated by short arrows.

spermatogenesis showing a dynamic pattern of subcellular locabacterial lysates was initially attempted using phenyl-sepharose
ization as gametogenesis proceeds. Early in spermatogenesis, Acafiinity chromatography at low ionic strengh0 mM NaCl, as
is predominantly nuclear and is bound to the “lampbrush-like” used for CaM. However, Acam showed poor binding and contin-
loops of the Y chromosome; later, Acam is diffusely localized uous leaching from the resin under these conditions. Inclusion of
throughout the elongating sperm tail and remains present in maturg00 mM NacCl in the binding buffer and column washes gave
sperm detected in the female reproductive tri@eQ. Lu & K. quantitative retention of the protein and permitted complete puri-
Beckingham, unpubl. obs. fication in high yield. The phenyl-sepharose binding properties of

These unusual properties suggest that Acam is involved irAcam are strikingly similar to those of a series of CaM mutants, in
calcium-related events specific to spermatogenesis and mature spesach of which a single calcium-binding site was inactivdtddune
function. We have, therefore, generated and purified bacterialhet al., 1992h This similarity suggests that, as for these CaM
expressed Acam, determined its calcium-binding properties, andhutants, the calcium-induced conformational change in Acam yields
examined calcium-induced conformational changes, using many ad protein with less surface hydrophobicity than CaM itself. Nev-
the biophysical parameters previously employed to characterizertheless, as for CaM, the holo-form of Acam shows a substantial
CaM. The unique tryptophan of Acam and the single tyrosine inmobility shift relative to the apo-form on SDS-PAGE electropho-
the fourth EF hand of Acanfcf. Drosophila CaM; see Fig. 1  resis(Fig. 2A). As for CaM, this mobility shift was not seen when
proved to be valuable spectroscopic probes for monitoring conformagnesium was substituted for calcium.
mational changes in this region of the protein.

Our findings indicate that Acam, like CaM itself, has the poten-Tyypsin sensitivity of Acam
tial to be a calcium-signal transducer protein because it undergoes
significant conformational changes upon calcium binding. How-CaM is rapidly digested by trypsin in the absence of calcium at 2
ever, our results also suggest that Acam has roles distinct frorRf the 10 potential trypsin cleavage sites. The major cleavage is at
those of CaM. Thus, Acam is predicted to respond to a differenf?\'g106 in the C-terminal lobeWalsh et al., 197 A low level of
range of intracellular calcium concentrations, to adopt a detectabl§fl€avage is also seen at Arg37 in the N-terminus, although scission

different calcium-bound conformation, and to possess target interdt both sites in a single molecule is not detedtidwasaki et al.,
action properties that differ from those of CaM. 1986; Mackall & Klee, 1991 Upon calcium binding, these trypsin-

sensitive bonds become resistant to digestion such that Arg74,
Lys75, and Lys77 in the central flexible linker region are the major
initial cleavage sites in holo-CaNWalsh et al., 1977; Kawasaki

et al.,, 1986. Two major fragments representing the N- and
C-terminal lobes are thus initially produced. Interestingly, cleav-
Construction of the vector used for bacterial expression of Acam isige rate studies indicate that the absolute rates of scission at Arg74,
described in Materials and methods. Purification of Acam from thelLys75, and Lys77 in the absence or presence of high calcium are

Results

Purification of recombinant Acam
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A CaM Acam E2 of apparent molecular weights 11 and 4 kiFg. 2B).
i ! N '2 N-terminal sequencing established that these peptides represent
+ED|TA +C13 * ,ﬁ; *EE&?‘ products of cleavage at Argl@6orresponding to Arg106 in CaM,
Fig. 1. Thus, in the absence of calcium, Acam shows an identical
initial cleavage pattern to CaM. After the initial cleavage, peptide
1-105 of Acam is progressively digested at two further positions to
w yield two fragment$E3, E4 running in close proximity to peptide
- E1. N-terminal sequencing of the first of these two fragments to be
generated EJ) established that it results from cleavage of peptide
E1(1-109 in its C-terminal region. Again this is very reminiscent
of apo-CaM for which the 1-106 peptide undergoes secondary
cleavage at Arg9@Walsh et al., 1977; Kawasaki et al., 1986

B +EDTA : +Cal+ Arg90 is conserved in AcanfArg89) and, thus, this secondary
Il | cleavage event may also be conserved. The nature of the third
M 15" 30° 60" 180" 0" 15" 30" 60" 180" 0" M peptide(E3) was not investigated.
. o In contrast, the Acam peptide pattern produced in the presence
~— of calcium differed markedly from that of CaM. N-terminal se-
o7 quencing of the single large peptide, C1, produced by primary
~ - — -/ — 144 cleavageapparent molecular weight 11 kDa, see Fig) 2B8tab-
ey o’ 6.5 lished that this reflected cleavage at Arg@@uivalent to Arg37 in
*l‘-- st == =c CaM, Fig. 1. As noted above, this is the minor cleavage site for
B2, . trypsin in the N-terminus of apo-CaM, which becomes resistant at
- -~ high calcium levels. Acam digestion in the presence of 1, 10, and

20 mM CacC} yielded identical cleavage patterns although diges-
tion was somewhat slower at high calcium levels.
Fia 2. A Caloium.d dent mobilty shifts in A 4 CaM. Bacter The persistence of this Arg36 tryptic cleavage site in Acam even
1g. Z. Al Calclum-dependent moDpliity snifts In Acam an avl. bacterl- ; H H H H H
ally expressed and purified Acam aftosophilaCaM (10 xg aliquots in the presence of high calcium suggests a loss of calcium binding

affer SDS-PAGE on a 12.5% gel. Sample buffer contained 5 mM CaCl affinity at one or both N-terminal EF-hands of the protein. The
(+Ca*) or 5 mM EDTA (+EDTA). B: Trypsin digestion of Acam inthe ~absence of detectable cleavage of Acam at sites comparable to

presence of EDTA or calcium. Aliquots of Acafi0 ug) were digested ~ Arg74, Lys75, and Lys77 of CaM in the presence of calcium could
with trypsin at a 1:500 enzyme:substrate ratio in the presence of 1 MMegflact real protection of these sites in holo-Acam, or may simply

CaCh or 1 mM EDTA. Peptides present after 0—188f digestion are - .
shown. Sizes of standard&D) in molecular weight marker lané#) are be a consequence of the retention of the Arg36 cleavage point. As

indicated. N-Terminal sequencing was performed for peptides E1, E2, E3ndicated above, the detection of cleavage at Arg74, Lys75, and

and Cl(see text Lys77 in holo-CaM does not reflect heightened sensitivity of these
peptide bonds upon calcium binding, but rather the loss of scission
at the preferred Arg37 and Arg106 sites.

comparable, their prominence in the presence of high calcium thu

reflecting the protection of Arg37 and Arg106 from cleavalylack-

all & Klee, 1997). This pattern of digestion corroborates the over- Calcium titrations of apo-Acam in the presence of B5,BAPTA

all view of the conformational change in CaM that has emergedor Quin2 were used to measure stoichiometric calcium association

from many studies, including ones described herein: the C-terminatonstantg Table 1. In practice, these indicators are able to report

lobe appears the most readily digestible part of the protein in thessociation constants in the range 30° to 1 X 10* M 2. Typical

absence of calcium, but calcium binding converts both lobes int@urves are shown in Figure 3. The valuelkaf for Acam is close

highly ordered, trypsin-resistant structures. to the lower limit measurable with 58r,BAPTA and is, there-
Like CaM, Acam proved more trypsin sensitive in the absencefore, poorly determined; incorporatiri€y (in addition toK3) as a

of calcium, yielding as initial cleavage products, peptides E1 andrariable gives no significant improvement in the fit. The numerical

Calcium binding

Table 1. Stoichiometric C&*-binding constants for CaM and Ac&m

Protein logKy) log(K5) log(K3s) log(Ky) log(K;1K5)
CaMP 5.23(0.149 6.42(0.20 4.33(0.3) 5.33(0.20 11.65(0.15
Acam 7.25(0.40 7.60(0.35 4.10(0.45 — 14.85(0.35
(+1 mM Mg?*) 6.73(0.21) 6.81(0.34 <3.75 — 13.54(0.24)
(+6 mM Mgz+) 5.94(0.26 6.34(0.19 <3.75 — 12.28(0.21)

aThe constants were determined in 10 mM Tris, 100 mM K& 8) at 20°C. The values are the mean
(£SD) from at least three determinations.
bValues from Martin et al(1996.
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Fig. 3. Calcium binding to Acam and CaM. Typical experimental data for 100
calcium titrations of 28..uM 5,5'-Br,BAPTA alone and in the presence of B
25 uM CaM or Acam. The titration with Acam was also performed in the 0
presence of 1 and 6 mM Mgg&lTitrations were performed at 2C in
10 mM Tris, 100 mM KClI, pH 8.Qplus 1 mM DTT for Acam. The error -100
on individual points is smaller than the size of the symbols. The total 200
absorbance change has been normalized to facilitate comparison of the e
curves. £ -300
Q
E -400
L . . . . s -500
analyses thus indicate that Acam binds two calcium ions with very 3
high affinity compared with CaMthe average affinity for the first -600
two calcium ions(K;K,)¥2, is ~40-fold higher than for Caybut 700 Holo + FFW,
that binding at a thirdand possibly fourthsite is significantly /— Holo + WFF,
weaker than with CaM. The binding of the first two calcium ions -800 |
to Acam is clearly cooperatividbecauseé, > K, see Linse et al., -900 L L L L L
1991 and the two high-affinity sites resemble a conventional pair 200 210 220 230 240 250 260

of EF-hands, probably sites 3 and 4.

Calcium titrations of apo-Acam in the presence of either 1 or
6 mM MgCl, (cf., Ohki et al., 1997 show that magnesium causes Fig. 4. A: Near-UV CD spectra of apo- and holo-forms of Acam and CaM.
a substantial reduction iK; andK, (K; is also reduced These  Spectra were recorded in 25 mM Tris, 100 mM KCI, pH golus 2.5 mM
results are consistent with direct competition between magnesiurf ! | for Acam in 1 mM EGTA (apg or 1 mM CaC} (holo). The Acam

. . . . . . spectra are shown as solid lines and the CaM spectra as dotted lines.
and calcium for the available binding sites, as with Cakéai B: Spectroscopic properties of Acapeptide complexes. Far-UV CD spec-

et al., 1987; Ohki et al., 1997 The reduction in the average tra of apo- and holo-Acam, and of 1:1.1 mixtures of AcdiwM ) with the
calcium affinity for the first two site$~4.5- and 20-fold for 1 and  peptides, WFFand FFW. Note: The FFVY complex is not completely
6 mM Mg?*, respectively suggests magnesium affinities in the formed under the conditions of the experiment.

range of 2—4x 10° M 1.

EGTA-induced dissociation of calcium was examined using
stopped flow. The dissociation from holo-CaM was monitored using
Tyrl38, in EF-hand 4 in the C-terminus. The valuekgfs (3.8 = whereas in Acam Trpl142 also contributes. The finding that the
0.5 s™%) is typical for dissociation of calcium from the C-terminal apo-forms have very similar spectra suggests that Tyr138 is in a
domain of CaM k., for dissociation from the N-terminal domain Vvery similar environment in the two proteins and that Trp142 in
is>500 st atT = 10°C (Martin et al., 1992; Brown et al., 1997 apo-Acam makes little contribution to the spectrum. The addition
Dissociation from individual EF hands is not observed. Dissocia-of calcium to apo-CaM results in major changes in the near-Uv
tion from holo-Acam was monitored using Trp142, in the F-helix CD spectrunicf., Maune et al., 1992athus, there is a significant
of EF hand 4k,,swas found to be 0.22 0.06 s %, i.e., ~17-fold calcium-induced change in the environment of Tyr138. Acam shows
slower than for holo-CaM. These results suggest that EF-hand 4 ig similar overall change, but the difference between the two spec-
a high-affinity site in Acam and that the two high-affinity sites in tra shows that Trp142 makes a strong negative contribution to the
Acam are EF-hands 3 and 4. holo-Acam signal, indicating strong calcium-dependent immobili-
zation of this residue.

Far-UV CD spectrg Fig. 4B) show that apo-Acam has a high
a-helical content. The increase in intensity in the presence of
Near-UV CD spectra of Acam are compared with those of CaM incalcium indicates an increase dérthelical content upon calcium
Figure 4A. In CaM, the near UV-CD signal derives from Tyr138, binding. The value ofAeyyo nm increases from—549 (apo to

Wavelength (nm)

Near- and far-Uv CD
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—664 M~* cm™* (holo-Acam); the values for CaM are-646 1.2
(apo and —808 M~* cm™! (holo-CaM) (Maune et al., 1992a A
Such comparisons are necessarily made under identical conditions 11 Eﬂ”ﬂ 5 g = B " i
of ionic strength, pH, and temperature, factors that influence the o g e .
far-UV CD intensity (Martin & Bayley, 1986; Hennessey et al., o 0s | . o
1987; Torok et al., 1992; Browne et al., 199CaM has a slightly s " HE,." °
greater average-helical content than Acam in both the apo- and O
holo-forms, and the maximal increasedifhelical content on bind- E 0.6 | L&.-
ing calcium is~40% greater for CaM. Both far- and near-UVv ] u
spectra of Acam in the presence of excess?Mg>2 mM) are E o4l cF'.
indistinguishable from those of holo-Acam, showing that these § .l'
metal ions induce similar changes in secondary and tertiary struc- 02 be
ture. This is a significant difference compared to CaM, which ) :E
binds Mg?* but without significant conformational chang®hki l'
et al., 1997 0 . L . .
0 2 4 6 8 10
Calcium and magnesium titrations [Calcium]/[Acam]
Three parameters were monitored during titration of Acam with 1.2
calcium:(a) far-UVv CD at 220 nm(b) near-UV CD at 278 nm, and B
(c) integrated Trp fluorescend®90—-450 nny which decreases
with calcium binding. Figure 5A shows that the near-UV CD and T e W . u' & d
fluorescence signals, reflecting changes monitored by Tyr138 and s o "o
Trp142 in the C-domain, vary linearly wiflCa?* ] and saturate at £ 08| .:' a
[Ca*]/[Acam]| = 2. The far-UV CD signal also varies linearly up S ¢ud
75% amplitude whefCa2" ]/[Acam] = 2, but small further changes D 06 | ,:‘P
(25%) are seen as the ratio increases. These results are consistent N .-U”
with there being a major conformational change induced by cal- g 0.4 Mo
cium binding at two high-affinity sites in the C-terminal half of 6 | a
Acam. Titrating with magnesium induces similar overall changes z -
in these optical propertigsee Fig. 5B. The curves are consistent 0.2 g
with the 5,3-Br,BAPTA titrations in showing magnesium binding o]
to Acam with affinities in the range of 3-8 103 M 1, 0 ! . 1 1
0 500 1000 1500 2000
Thermal stability [Magnesium] (uM)

The _stgbility of Acam has been co_mpar(_ed With_ that of CaM byrig 5. changes in spectroscopic parameters as a functifratfiuni and
monitoring thermally induced unfolding using GBig. 6). Far-UV [magnesiurh A: Changes as a function of tHealcium]/[Acam] ratio
CD, which monitors secondary structure in both the N- andmonitored using near-UV C\ez7g nm [Acam] = 150 uM, open squares

C-terminal lobes, reveals significant differences in the thermalfluorescence emissiofintegrated fluorescence 300490 npAcam] =
stability of these proteins. Holo-CaM shows a monotonic chan 20 uM, closed squargsand far-UV CD(220 nm[Acam| = 20 uM, closed
1ty proteins. W ! 9%ircles. The final values for the totally calcium-saturated form were taken

in signal up to 80C; calorimetry (Tsalkova & Privalov, 198b 1o pe the signals observed in 10 mM Ca@: Changes as a function of
showed the absence of a structural transition in this region, anfmagnesiurhmonitored using near-UV CDAeyrg nm [Acam] = 75 uM,
studies on isolated holo-domains indicate they are stable up t8Pen squares fluorescence emissiotintegrated fluorescence 300-

o ~ _Aeafi +: 490 nm,[Acam| = 20 uM, closed squargsand far-UV CD (220 nm,
80°C. By contrast, holo-Acam shows a well-defined transition [Acam] = 20 uM, closed circles The final values for the totally calcium-

with & midpoint, Tp, of ~45°C. Assuming that calcium binding t0  sayyrated form were taken to be the signals observed in 10 mM,CaCl
the Acam N-domain is weak, this transition is assigned to unfold-

ing of the N-domain.

Apo-CaM shows a broad transition in far-UV CD between 25
and 70°C, which corresponds in amplitude to complete unfolding The near-UV CD signals monitor the conformational properties
of the protein. The slight inflection point suggests that the twoof Tyr138(CaM) and Tyr138+ Trpl42(Acam). Given that these
domains have slightly different stabilities, but the transitions areresidues are in the C-terminal regions of the proteins, they provide
not resolved. In the interpretation of Tsalkova and Prival®85, direct information on the stability of these regions. For holo-CaM,
this broad transition of apo-CaM corresponds to overlapping tranthe signal decreases monotonicalby approximately 40%over
sitions at 36 and 54C, representing the C- and N-terminal lobes, the range 10 to 8TC, but no major unfolding is observed, showing
respectively. By contrast apo-Acam shows a biphasic curve, withhat the C-terminal lobe of holo-CaM only unfolds Bt> 85°C
two well-resolved transition&Fig. 6A). In this case, the midpoint  (Fig. 6B). In apo-CaM, the C-terminal half is much less stable, and
for the first transition is at~25°C and the second at55°C. the signal is lost in a single broad transition with an apparent
Analysis of the near-UV CD signals during heating resolved themidpoint of ~42°C (Fig. 6B). The behavior of Acam is similar to
relationship of these transitions to the unfolding of the two do-that of CaM. There is no evidence of a structural transition with
mains of the proteirisee below. holo-Acam, and apo-Acam shows a single broad transition with
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Fig. 6. Thermal unfolding of Acam and CaM\: Changes in far-Uv CD
signals at 220 nm for Acarfopen squaresand CaM(solid lines. Dotted
lines are the data for CaM offset by80 (apo and +130 (holo). Spectra
were recorded at a concentration of Z51 in 25 mM Tris, 100 mM KCl,
pH 8.0(plus 2.5 mM DTT for Acamwith 1 mM EGTA or 1 mM CadC}.
B: Changes in near-UV CD signals at 278 nm for Ac@pen squargsand
CaM (lines). Spectra were recorded at a concentration of 180 in
25 mM Tris, 100 mM KCI, pH 8.0(plus 2.5 mM DTT for Acam with
1 mM EGTA (apo or 1 mM CaC} (holo-Acam).
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Tm ~ 30°C. Thus, the C-domain of Acam strongly resembles that
of CaM in its thermal stability and in the degree of stabilization
conferred by binding calcium. The finding from near-UV CD that
the Acam C-terminal domain unfolds with a transition-a30°C
indicates that the transition for apo-Acam-aR5°C seen in the
far-UV CD also represents C-domain unfolding, and, thus, that the
far-UV CD transition at~55°C must be attributed to the N-domain.
As described above, the N-domain unfolds in the presence of
1 mM CacC} at a significantly lower temperatufe-45°C). Thus,
taken together, these findings suggest that, in the absence of cal-
cium, the prior unfolding of the C-domain can provide some sta-
bilization of the N-domain against unfolding, implying that an
interaction of the unfoldedapg C-domain with the foldedapo
N-domain can occur in Acam. The most significant results are that
Acam shows a two-domain behavior and that the C-domain is
markedly stabilized by the high affinity binding of calcium ions.

The affinity of Acam for typical target peptides

We have measured the affinity of Acam for four peptides related to
the CaM target sequence of native sk-MLCK and a high-affinity
synthetic peptiddCBP1), as used in previous studies with CaM
(Findlay et al., 1995b; Martin et al., 1996; Bayley et al., 1996;
Brown et al., 1997. For the spectroscopically silent peptid€8P1

and FFE), the fluorescence increase of Trp142 in holo-ACam was
measured upon adding the peptide to a solution of the protein.
Otherwise, the intensity at 325 or 330 nm was measured on adding
holo-Acam to a solution of the peptide, based on the blue shift and
intensification of the peptide Trp on complex formation.

All of the peptides studied bind to holo-Acam much more weakly
(between 18 and 1G-fold) than to CaM(Table 2. For the two
WFF peptides, the blue shift and intensification observed upon
complex formation are very similar to those for Ca4RD—-22 nm
blue shift, approximately threefold enhancement at 335 imihe
case of FFW, the blue shift upon complex formation with Acam
(~9 nm) is much smaller than with CaNr21 nm); the intensi-
fication is also much lower in the complex with holo-Acam.

Peptide affinities were also measured for Mg-Acam and apo-
Acam. The optical properties of the complexes of the peptides with
Mg-Acam are similar to those described above for complexes with
holo-Acam, for both the spectroscopically silent and the Trp-
containing peptides. The affinities of the peptides for Mg-Acam
are also very similar to those for holo-Acam. The affinities of
apo-Acam for the peptides are not significantly lower than those of

Table 2. Dissociation constants for the binding of target peptides to CaM and Acam

holo-CaMKgy holo-AcamKgy Mg-Acam Ky apo-AcamKy
(pM)°® (M) (M) (M) Kq ratio®
CBP1 5 0.850.1H 1.25(0.29 1.50(0.30 1.7Xx10°
FFF, 40 0.45(0.10 0.35(0.10 1.15(0.25 1.125x 10*
FFW, 130 1.85(0.395 2.40(0.40 8.50(3.50 1.40x 10*
WFF, 15 0.06(0.01) 0.08(0.02 1.05(0.29 4.0x10*
WFF, 145 0.21(0.09 0.25(0.09 1.70(0.59 1.45% 10°

aThe constants were determined in 25 mM Tris, 100 mM K@H 8) at 20°C. The values quoted are
the mean(+SD) from at least three determinations.
bMethods used to determine these constants will be described else\BtRréviartin & P.M. Bayley,

in prep).

¢The Ky ratio is Kg(holo-Acam/K4(holo-CaM).
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holo-Acam, except in the case of WEFhe fluorescence prop- change in CD at 222 nn(Findlay et al., 1995b; Bayley et al.,
erties of the complexes with apo-Acam are also similar to thosel996, are compared for CaM and Acam in Table 3. Assuming
described for holo-Acam, except that the complexes with the WFRhese are attributable to peptide, in the complexes with holo-Acam,
peptides were characterized by small blue shis8 nm and  the WFF, peptide becomes significantly helical, and the Ffafd
small intensifications. FFF, peptides less so.

The spectroscopic results show that holo-Acam binds to the
WFF peptides with the same orientation as does CaM, i.e., with the
peptide Trp interacting with the C-domain. The substantial reducMolecular modeling of the androcam sequence
tion in affinity of Acam for the MLCK peptides is surprising in
view of the close similarity of the C-domains in CaM and Acam
The value ofKy for WFF, with holo-Acam (0.21 uM) may be

Given the degree of homology between Acam and G&lg. 1),
“ modeling studies were initiated to assess if there are key substitu-

. . i tions in Acam that might prevent the adoption of a conformation
compared with values of 0.7aM for the interaction of WF10 closely similar to that of CaM. Figure 1 shows that there are no

(the first 10 residues of WRj with holo-CaM and 0.07M for extensive continuous stretches of residues that are significantly

thte II ntf?;“?g of WFE\:\{'th ¢, tt?he C-dor.rtﬁltn (t):] (i?kl:ﬂBsytley . giﬁerent between the proteins. In the first EF hda@&M numbers
etal, §. These results suggest the possibility that the N-termina 0-31J, residues at positions 5, 7, and 9 in the calcium-binding

portlf?_n_of ?c?rr]n,gvten n thle prfsen(;fh‘)fvcv?:lc'umt‘_;hogs I'tltle OrIoop are nonhomologous, but these are the less strongly conserved
no affinity for the C-terminal portion of the Wkfpeptide. Clearly, positions of the loogFalke et al., 1994 In the second EF hand

there is a significant differenc_e in targe_t sp_ecificity. and act_ion Of(56—63, there are significant changes of key conserved residues in
Acam _compargd to CaM. Th's dedut_:tlon |_s_con5|sten_t with thepositions 1, 3, and 4 of the logiD56E, D58N, G59N. There are
exclusive location of Acam in the testis, fulfilling a role indepen-

; .= also changes at loop positions 2, 7, 9, and 11, and a further three
dent of CaM, although the latter is also present and active in th'%hanges at residues 69—71, part of the short liedidues 66-73
tissue. '

In sites 3 and 4, there are changes at nonconserved posNem®,
A102P, 1130F, and Q135M
Conformational properties of Acam:peptide complexes The Acam sequence was threaded onto the consensus struc-

. . tures of CaM using comparative homology modeling with the
We have _pr_ewously shown_that the sk-MLCK pept_|de_s ger]er"’ltPSWiss-Model softwaréGuex & Peitsch, 1997 incorporating the
characteristic near-UV CD difference spectra upon binding to hOIO'GROMOS force-field(van Gunsteren et al., 1996or a local re-

CaM(Findiay etal., 1995a; Bayley etal., 1996; Barth etal., 1997 finement using energy minimization of the initial derived structure.

In particular, holo-CaM-WFE(in which Trp4 interacts predomi- Two separate threading processes were performed for the Acam

nantltgltgshg_fcr:-termmal Iok;e of Cathas aE 'Imegs& p[):os_ltlve sequence—one based on holo-CaM template structures 1cll, 1osa,
near- ifference spectrum, whereas holo-CaM-fRW and 4cln(X-ray diffraction), and one on apo-CaM structures, 1cfc

which Trp-17 interacts with the N-terminal lobe of CaM; see Find- _ | 1dmo(NMR). Resulting structures for holo- and apo-Acam

lay et al., 1995ahas an mtense_ negative dn‘fere_nce spectrum. were compared against the template structures and examined for
In complexes of holo-Acam with the WFF peptides, the near-UV . o ochemical quality using WHATIEVriend, 1990. For both

CD difference spegtrum is_ c_Ioser s_imilar in intensity to _that for holo- and apo-Acam, acceptable structures were obtained, lacking
hoIg-CaM, suggesting a similar e.:nwronment'for .the peptide Trp4any stereochemical violations, as indicated by Z-values compara-
residue in the two complexes, with the contribution to the CD of

; . A _ ble to the template structures. In this threading procedure, the
:ZﬁtTv:/Fi)t%ftzhics)f, ?::;Tul;fg;gc;::eﬁi???p%Spf)ﬁffeshﬁ;?gé“gag?ﬂ?;ﬁ_polypeptide backbone conformation necessarily remains similar to
sified upon binding to holo-Acam in much the same way as it is

with holo-CaM. The complex of WRFwith Mg-Acam has a dif-

ference spectrum that is indistinguishable from that produced with

holo-Acam. In the case of apo-Acam, complex formation with the Table 3. Far-UV CD extinction coefficients (222 nm) for

WFF peptides did not generate a difference spectrum, consiste§@mplexes of CaM and Acam with model target peptides

with the fluorescence results.

In contrast, the complexes of FRMWvith holo-Acam, Mg- holo-Acam holo-Cam
Acam, and apo-Acam show virtually no Trp CD difference spec- Adey? Adey
trum, so that the peptide Trp environment must be very different inPeptide (M~tem™d) nyP (M~tem™t) Ny
the complexes with Acam compared to CaM. Finally, we note that
the formation of the complex of holo-Acam and FFfas little \éVFFFFP __122883 lég’g; :gigg 13223
effect on the near-UV CD spectrum of the Acam, confirming thatFFV\F} ~73(10) 6.7(1) ~139(10) 13.1(1)

the Trp142 contribution to the Acam CD spectrum is unchanged by =~ "

peptide binding. - — — - :
: i . .. 2CD extinction coefficients(Aey) were measured in 25 mM Tris,
The free peptides have little regular secondary structure; theli00 MM KCI(pH 8) at 20°C. AAey was calculated usiney — Aey(Com-

far-UV CD spectra show intense negative bands below 198 NMyjay — A (protein, with Aey(holo-CaM) = —808 M-t cm™* and

and only low intensity at longer wavelengths. The increase inaey(holo-Acam = —664 M~ cm™. The values for Acam with FF\\and
far-UV CD intensity on peptide binding is consistent with the FFF, have been corrected for the presence of uncomplexed peptide using
peptide adopting a predominantiyhelical structure in the com- the dissociation constants given in Table 2. Estimated errors are given in

. g . . .. parentheses.
plex. Peptide binding generally has little effect on CaM helicity ™o\ mber of additional peptide bonds adopting a helical conforma-

(Crivici & Ikura, 1995. The number of additional peptide residues tjon upon complex formation was calculated as described in Bayley et al.
in a helical conformation in the compléry,), calculated from the  (1996.
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that of the template structures. The RMS difference between apdz-terminal domain. The conformational effect of binding calcium
Acam and 1cfc was 0.2 for the backbone of the total sequence arh Acam is an increase i@-helical content, resembling but smaller
0.2 for either the N- or C-domain. The holo-Acam model structurethan that for CaM. However, like CaM this effect is mainly in the
shows an RMS difference of 0.5 for the backbone sequence contz-domain. Both apo- and holo-Acam are lowetitelical content
pared to 1cll and 0.5 for the N-domain and 0.4 for the C-domainthan apo- and holo-CaM, respectively, even when the comparison
comparisons. Thus, the Acam sequence can be be accommodaiednade at low temperaturés-5°C) to allow for the intrinsically
with relatively few conformational adjustments compared to thelower stability of Acam. In addition, a tryptic cleavage site present
structure of CaM, and it can be concluded that, at the level of thisn the apo-forms of CaM and Acai\rg37 and Arg36, respec-
approach, there are no individual residues exerting a dominartively) is retained in holo-Acam. Thus, significant structural dif-
structural perturbation that would account for the observed differferences probably exist between the calcium-bound forms of Acam
ence in conformational properties of Acam. Preliminary resultsand CaM and the sequence changes underlying the loss of calcium
from an extended molecular dynamics simulation using Biosymbinding in the N-domain of Acam may be the major determinants
software, and explicitly considering the interactions of the Ca ionspf these conformational effects. The sequences of Acam least ho-
indicates that the changes in ligands in sitéDR4T) and site 2  mologous to CaM are the calcium-binding loop and F-helix of EF2,
(D56E) make significant contributions to differences in affinity and it is possible that these dictate a different local conformation in
and loop conformation in Acam. this region of the protein, and perhaps also produce a different dis-
The dynamic properties of the two derived structures were inposition of the N- and C-domains, in addition to loss of calcium bind-
vestigated using essential dynamics simulation proceddesGroot  ing at EF2. This is also consistent with the altered interaction of Acam
et al., 1997. This procedure efficiently mimics effects of a long- with sk-MLCK peptides. The fluorescence data strongly suggest that
term molecular dynamic simulation by statistical generation of athe C-domain of Acam interacts with the N-terminal sequence of the
family of conformations on the basis of a list of distance bounds,peptides in a comparable orientation to the M13-CaM comglexa
which is generated from a chosen starting structure. A comparisort al., 1992; cf., Meador et al., 1992, 1998lowever, there is
of apo-Acam and apo-CaM revealed a significantly higher mobil-little evidence for an interaction of the N-domain of Acam with the
ity of the sequence stretch 28-57, which is the region includingC-terminal region of the peptides. Because the natural targets of
helix B and helix C. Additionally, helix G(residues 117-128 Acam have not yet been identified, it is premature to put too much
showed higher mobility. This higher flexibility of secondary struc- emphasis on these extrapolations, but it appears that significant dif-
ture elements is indicative of the potential for a loss of secondaryerences will underlie the altered calcium-binding properties of Acam
structure content, consistent with the experimental observationgind also produce altered target specificity.
but the methods do not at this stage treat the process of major The molecular modeling is of interest from the point of view of
changes of backbone conformation. the large number of CaM-like and other EF-hand calcium-binding
proteins, which show specificities of biological function that can-
not be substituted by CaM itself. A priori, one might expect ex-
amples to be found of proteins where changes in conformation
occur due to single substitutions. These have potentially far-
reaching consequences, as typified by the large effect on domain
stability of the substitution by Gly of the hydrophobic residues lle
Although Acam contains four EF-hand motifs with calcium- or Val at position 8 of any the calcium-binding loops of CaM
binding loops analogous to those of CaF1-EF4 in Fig. 1, (Browne et al., 199¥ By contrast, Acam appears to be an example
only three of these are functional in calcium binding. Two of theseof an alternative situation, in which the change of properties com-
sites show pronounced cooperativity and an even greater averagered to CaM is due to the cumulative effect of several substitu-
calcium affinity than the two high-affinity sites in CaM. Spectro- tions, none of which appears to be obviously critical, although the
scopic data, based on the properties of Tyr138 and Trp142, clearlghanges in liganding in sites 1 and 2 do appear significant. This
favor the high-affinity sites as being the two C-domain EF handstype of cumulative variation has an important difference, because
of Acam (equivalent to the two high-affinity sites EF3 and EF4 of the number of residues involved is larger, and the effect is more
CaM). Further, these two sites show strong sequence conservatidikely to be exhibited as a change in a surface property, which
when compared to CaM. could confer target specificity. Also, this cumulative effect would
Binding data does not permit unequivocal identification of the not readily be compensated or reversed by a simple process such
nonfunctional site within the N-domain of Acam, but sequenceas the binding of a ligand, for example, a target sequence or cal-
comparisons to CaM suggest that site EF2 is likely to be impairectium ion (Browne et al., 199y and hence, would confer greater
in calcium affinity, and more extensive conformational effects in specificity, owing to the stronger differentiation of the CaM-like
this region are implied by the MD calculations. In this case, bind-protein from the parent molecule.
ing at EF1 could also be weakened owing to effects on the coop- It is interesting that the region of Acam showing the greatest
erativity between EF1 and EF2. Biekofsky et(@998 have shown potential difference from CaM appears to be located at the surface
that site occupancy of EF hands can be monitored with HSQCef the molecule. This would enable the maximum opportunity for
NMR calcium titrations, and this approach can be utilized to assigrspecific secondary interactions involved in target recognition. It is
calcium binding to Acam unambiguously. now clear that, in addition to the specific primary site of interaction
of CaM with targets, other areas of the protein may confer addi-
tional specificity via interactions of its surface residgBsrsechini
et al., 1996; Krueger et al., 199&nd it is reasonable to suggest
Thermal unfolding studies demonstrate that Acam, like CaM, haghat this might be involved in the mechanism of the differential and
a two-domain structure and that calcium greatly stabilizes thespecific action of Acam.

Discussion

Correlation of the EF hands of Acam with the three
calcium-binding sites detected experimentally

Calcium-induced conformational changes in Acam
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The significance of magnesium binding to Acam therefore, would be that the weak site on Acam is not functional in
The relative affinity for calcium vs. magnesium for tight binding to vivo, and that the hlgh-afflnlt)_/ sites have a_constltutlve role, com-
. L parable to the homologous sites on troponin C, and act to produce
the C-domain of Acam is similar to that for CaM. To date, no . . ) . .
a permanent conformation, perhaps required for interaction with

significant difference has been observed in the equilibrium con- . . -
some other protein moiety. However, in the presence of a target

formational response of Acam to saturating concentrations of cal- L . . .
- . equence, which interacts in a calcium-dependent manner with
cium as opposed to magnesium. The CD and fluorescence daga

; . : o oth domains of Acanfor even interacts solely with the N-domgin
suggest that either calcium or magnesium cause a similar (:hangeme apparent calcium-affinity of the N-domain could be enhanced
secondary and tertiary structure of the C-domain of Acam. Thi

behavior contrasts sharply with that of CaM, where magnesiurf;Dy several orders of magnitudef., Olwin & Storm, 1985, Yazawa

) " . : . . et al.,, 1992; Bayley et al., 1996; Peersen et al., 1997
binds competitively with calcium but without producing confor- . S . : .
mational effectgOhki et al., 1997. Although cation preference in Dgsplte these uncertainties, studies .Of sea urchin sperm mO'FI|Ity
either domain may clearly be modified by interaction with targetprOVIded evidence that supports the idea of a calcium sensing-

proteins, this difference in conformational response of Acam pre-fun(:tIon for Acam, potentially for both its high- and low-affinity

sents the following possibility: at physiological magnesium IeveIsS'tes(BmkaW’ 1991. Asymmetry in the sperm flagellar bending

(~5 mM) and resting calcium levelbelow 0.1uM ) the C-domain waves appears to be regulated by at least two calcium sensors, one

of Acam could be at least partially occupied by magnesium with aof which operates at calcium concentrations below the response

) L range of CaM, and the other at the high end of CaM’s range.
conformation close to that of the holo-form. This situation would .
. . .~ Attempts to demonstrate that either of these sensors was CaM were
be somewhat analogous to that for troponin C, the C-domain sites : -
. . : . . _“unsuccessful, leaving the possibility that one or both responses
of which are thought to be occupied by magnesium in restin

muscle. Like troponin C, Acam could be bound but with a non-grefIECt the action of a sensor similar to Acam.

activating role in this calcium-independent state. A kinetic prefer-

ence for calcium over magnesium as calcium levels are rapidlpMaterials and methods
increased might then lead to transient calcium occupation of the

C-domain sites, a relatively subtle conformational chafessi-  Proteins and peptides

bly involving the N_—dom_alm and activation of gpproprlate te_lrgets. The scheme used to generate the IPTG-inducible bacterial expres-
As for CaM, physiological levels of magnesium are predicted to

. . o . . sion construct for AcanipET15b-Acam is described in the elec-
moderate the high calcium affinity of Acam. Assuming that in th?tronic supplementary material. The pET15b-Acam construct was

:/?tsr gs tﬁ:%;ﬁ:ﬁ;ﬂmiﬁ;ﬁﬁ?? :(I:Z:Inacvyosl); n;l%r;ﬁlsmm, S Mransformed int&scherichia colitrain BL21DE3pLys. Optimal
’ ' expression of Acam was obtained by induction with 60 mM IPTG

for 2—4 h. Bacterial lysates were prepared as described by Maune
et al. (1992h, except that 1 mM DTT was included in the lysis
buffer. Acam was purified from the lysates by phenyl-sepharose
If differences in calcium affinity between Acam and CaM persist in affinity chromatography using high sal600 mM NaC) condi-
the testis, one prediction from the studies presented here is th#éibns as described previous(iaune et al., 1992b with the in-
calcium occupancy of the EF hands on Acam will take place overclusion of 1 mM DTT in all solutions. Purity of column elution
ranges of calcium concentrations differing significantly from the fractions was assessed by SDS-PAGE electrophoresis and spectral
response range of CaM. Thus, in vitro in the absence of magneproperties. One or two repeat rounds of phenyl-sepharose chroma-
sium, the average calcium dissociation constant for the strongpography were sometimes required for complete purificatino-
binding sites of Acam is~0.04 uM, and that of the weak site sophilaCaM was expressed iB. coli and purified as described
100 uM, whereas the corresponding values for the strong ancelsewheregMaune et al., 1992b; Browne et al., 199TaM and
weak sites of CaM are 0.15 and A/, respectivelyMartin etal.,  Acam were made calcium-free by incubating with 5-25 mM EGTA
1996. If Acam were to act as a calcium sensor, the interestingand then desalting by passage though two Pharmacia RBEA%)
implication is that it could extend the calcium response range ircolumns equilibrated with Chelex-treated buff@5 mM Tris,
the testis into both lower aridr higher calcium levels than those 100 mM KCI, pH 8.0, plus 2.5 mM DTT for Acajn
detectable by CaM. Whether Acam would act as a sensor for Peptides WFHKRRWKK-NFIAVSAANRFK), FFW (KRR
calcium concentrations both below and above the CaM responseKKNFIAVSAANRWK), FFF (KRRFKKNFIAVSAANRFK),
range would depend upon the degree to which interaction of Acanand CBP1(Ac-LKLKKLLKLLKKLLKLG-NH ) were prepared
with target proteins affects the apparent affinity for calcium bind-as describedFindlay et al., 1995b WFF is the first 18 residues of
ing in the N- andor C-domains. M13, the CaM target sequence of sk-MLCK; FFW and FFF are

Although, to our knowledge there has been no quantitation ofvariants of this sequence. Unprotected and protected pejiiitas
calcium (or magnesiurnlevels in developing or mature sperm, N-terminal acetylation and C-terminal amidaticare shown with
studies of both resting and response-related calcium levels in othesubscripts u and p, respectively. Concentrations were determined
systems(see Bootman & Berridge, 1995vould tend to argue spectrophotometrically usinggo= 5,690 M~* cm~* for WFF and
against the hypothesis that any of the calcium-binding sites ofFFW(Gill & von Hippel, 1989, e;50= 585 M~ cm™* for FFF(Gill
Acam has a calcium-sensing function. Thus, the normal response von Hippel, 1989, e,7o= 1,578 M~ cm ™2 for holo-CaM(Maune
related increases in intracellular calcium would be insufficient toet al., 1992, ande,gos= 7,173 M~* cm~* for holo-Acam or
produce occupancy of the weak binding site on Acam, and giver,795= 7,073 M~* cm™1 for apo-Acam. The extinction coeffi-
that resting calcium levels can be as high asM, in the absence cients for Acam were determined as for CéMaune et al., 1992b;
of a competing ion the high-affinity sites of Acam could well be cf., Edelhoch, 196); using the assumption that the extinction co-
constitutively occupied with calcium. An extreme alternative view, efficient of the fully denatured protein is the same as that for a

Is Acam a calcium sensor in vivo?
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mixture of aromatic amino acid esters in the same molar ratio as it D and fluorescence measurements
the protein. Acam contains 1 Trp, 1 Tyr, and 11 Phe residues. %
1:1:11 mol ratio mixture of the methyl esters of Trp, Tyr, and Phe
was therefore used.

D spectra of Acam and Acaspeptide complexes were recorded
on a Jasco J-600 spectropolarimeter af@dn 25 mM Tris,
100 mM KCI, 2.5 mM DTT, and pH 8.@plus 1 mM CaC} or
2-10 mM MgC}, when appropriateas described elsewhefEind-

lay et al., 1995b; Bayley et al., 1996pectra are presented as the
Tryptic digestion studies CD absorption coefficient calculated using the molar concentration
of peptide or proteiti= Ae¢y) rather than on a mean residue weight
(mrw) basis. Values ode¢,,, may be calculated asep,n, = Aep/N,
whereN is the number of peptide bonds 147 or 146 for CaM

or Acam. For the sk-MLCK peptides\ = 17 for the unprotected

Decalcified aliquots(10 ug) of Acam in 5 mM Tris, pH 8.0,
0.1 mM EDTA, and 1 mM DTT were subjected to digestion with
TPCK-treated trypsiiSigma, St. Louis, Missouras described by

Walsh et "’?"(1977) in the presence of 1 mM _EDTA or vanous ¢,m and 19 for the protected form. The number of peptide bonds
concentrations of Cagl(0.1-20 mM. Trypsin:Acam ratios of . . .
in a helical conformatiomy was calculated fromey, at 222 nm as

1:50-5,000 were investigated. Reactions were stopped by addin . : .
4x-SDS sample buffer and boiling briefly. Digests were analyzedc(f]escnbed(Flndlay et al., 1995a CD changes as a function of

: mperature wer ied in 10 mm cuv with dir m-
by standard SDS-gel electrophoresis on 12 or 15% gels. Fotre perature were §tud ed 0 cuvettes with d _ect te
erature monitoring; measurements were made at protein concen-

N-terminal sequencing, peptides from scaled-up electrophoreti€ _ . § : !
runs were electroblotted to PVDF membrg@to-Rad, Hercules, ﬁgtlons of 7.5uM (far-UV) and 150uM (near U\A.m buffers

) e L 0 with 1 mM (or 5 mM) CaCh or 1 mM EGTA. Heating rates of
California) in 10 mM CAPS, pH 11.0, containing 10% methanol, ~1°C/min were used over the range 5 to°@ Thermal unfold-
0.1 M thioglycolate, and 1 mM Cagl After transfer, peptides

. ) 0 . .
were fixed onto the membrane with 0.2% glutaraldehyde and stained? profiles reported were-95% reversible. Uncorrected Trp emis

. N . . ion spectra of Acam and Acapeptide complexes were recorded
e e e L UL AAtU20C 1 25 mb Tris, 100 i KCl, 25 TH DI, and pH 80
) ’ q gby lus 1 mM CaCj or 1 mM EGTA) using a SPEX FluoroMax

e o e S e, oo imeer wih . 260 r 200 sty 1.7 onang
Y y Iryemission from 310 to 450 nrtbandwidth 5 nm

of Baylor College of Medicine.

The N-terminal sequence of peptide (Hig. 2) was TLGQNP-
TEAE, unequivocally identifying the first cleavage in the presenceDetermination of peptide affinities
of calcium as occurring after R36 of Acam. The N-terminal se- _. - .
guences of the first peptides generated in the presence of EDTR'SSOCIatlon con_stgnts_for WFF gnd FFW were determme(_j by
(E1 and E2, Fig. Pwere (-ELTEEQIAE) and (FVMINLGE-VT) direct fluorometric titration of peptide with Acam in 25 mM Tris,
respectively, indicating that the initial cleavage in the absence 0}?0 |m|\1 é(g(él, 2I.35_ mM .D;I.—T’ L thCa;C‘Zl,fandF'p:I; 8.ng.CFérl13dllay
calcium is after R105. Peptide E3, which is derived from E1 on®t @l - b Issociation constants for = and “BFL were
longer digestion, has the same N-terminal sequence as EL, indcﬁ_e’[ermlned by titration of Acam with peptide, monitoring the

: o : . changes in the fluorescence of Trpl42 in Acam. Data were ana-
cating that it is generated by secondary cleavage in the C-termin
regio% of E1 9 y y 9 %zed using the method of Marquar@Bevington, 1969 Three

independent titrations were performed in each case and the aver-
age value is reported with its standard deviation.

Calcium binding studies
Supplementary material in Electronic Appendix
Stoichiometric calcium association constants for Acam were de- ) .
termined from calcium titrations of apo-Acam performed in the '€ Supplementary material describes the scheme used to generate
presence of the chromophoric chelators! B&BAPTA and Quin-2, the IPTG-inducible bacterial expression construct for Acam
using published methodg.inse et al., 1988, 1991; Martin et al., (PET15b-Acam.
1996. Measurements were made at’20in 10 mM Tris, 100 mM
KCI, 1.0 mM DTT, pH 8.0; under these conditions the calcium Acknowledgments

binding constants of 5,8Br,BAPTA and Quin 2 are 5.% 10° )
M~Tand 1.1x 10 M~ (Martin et al., 1998 Titrations were also These studies were supported by NIH Grant GM 49155 and Grant C-1119

. . of the Robert A. Welch Foundation of Texas to K.B. and a Nettie S. Autre;
performed using 5,5Br,BAPTA in the presence of 1 and 6 mM Fellowship to A.Q.L. y

Mg?"; this does not interfere with the assay, because the associ-

ation constant of the chelator with Mg is <5 M~* under these

conditions (S.R. Martin, unpubl. obs. Three separate titrations References
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