Richards, Annu. Rev. Biophys. Bioeng. 6, 151
(1977).

13. C. Chothia, M. Levitt, D. Richardson, Proc. Natl.
Acad. Sci. U.S.A. 74, 4130 (1977).

14. M. A. Holmes and R. E. Stenkamp, J. Mol. Biol.
220, 723 (1991); B. C. Finzel, P. C. Weber, K. D.
Hardman, F. R. Salemme, ibid. 186, 627 (1985).

15. Calculations of accessible surface area were per-
formed on X-PLOR (21) with a probe radius of 1.6 A.

16. W. Stoeckenius and R. A. Bogomolni, Annu. Rev.
Biochem. 52, 587 (1982).

17. M. L. Applebury and P. A. Hargrave, Vision Res.
26, 1881 (1986).

18. W. J. De Grip and P. H. M. Bovee-Geurts, Chem.
Phys. Lipids 23, 321 (1979).

19. K. W. Herrmann, J. Phys. Chem. 66, 295 (1962).

20. B. K. Jap and P. G. Walian, Q. Rev. Biophys. 23,
367 (1990).

21. A. T. Branger, J. Kuriyan, M. Karplus, Science
235, 458 (1987).

22. M. A. K. Markwell, S. M. Haas, L. L. Bieber, N. E.
Tolbert, Anal. Biochem. 87, 206 (1978).

23. S. J. Milder, T. E. Thorgeirsson, L. J. W. Miercke,

R. M. Stroud, D. S. Kliger, Biochemistry 30, 1751
(1991).

24. B. J. Litman, Methods Enzymol. 81, 150 (1982).

25. A. T. Briinger, Nature 355, 473 (1992).

26. J. Sack, J. Mol. Graphics 6, 225 (1988).

27. We thank I. D. Kuntz and F. Cohen for helpful
discussions, R. Cerpa for assistance in the peptide
synthesis, A. Rice for the initial peptide purification,
and B. Jap for providing purified PhoE porin. Mass
spectroscopy measurements were provided by
the University of California, San Francisco (UCSF),
Mass Spectrometry Facility (A. L. Burlingame, di-
rector), supported by the Biomedical Research
Technology Program of the National Center for
Research Resources (NCRR) [National Institutes of
Health (NIH) NCRR BRTP 01614]. Molecular
graphics images were produced with the Midas-
Plus software system from the Computer Graphics
Laboratory, UCSF. C.S. is a Howard Hughes Med-
ical Institute predoctoral fellow. This work was
supported by the NIH (GM24485).

1 June 1993; accepted 9 September 1993

Analysis of a Nucleoprotein Complex: The
‘ Synaptosome of yv6 Resolvase

Nigel D. F. Grindley

The 3 resolvase protein is one of a large family of transposon-encoded site-specific
recombinases. It performs recombination in a DNA-protein complex that contains 12
resolvase protomers and two copies of the 120-base pair DNA substrate, res (each with
three binding sites for a resolvase dimer). A derivative of resolvase with altered DNA
binding specificity was used to show that the role of resolvase at site |, which contains the
crossover point, differs from its role at the other two binding sites. The resolvase dimers
that initially bind to site | are the only ones that require the residue Ser'°, essential for
catalysis of DNA breakage. In addition, these site |-bound dimers do not use a specific
interaction between dimers that is required elsewhere in the complex for synapsis of the

res sites.

Large protein-DNA assemblies participate
in DNA transactions such as transposition,
site-specific recombination, and the initia-
tion of replication (1). The DNA substrates
often contain multiple binding sites for a
protein that may function both as a struc-
tural component of the complex and as an
enzymatic component, depending on its
location in the complex. Examples of such
assemblies include the transpososomes of
phage mu and Tn7 (2), the intasome of
phage N (3), and the synaptosome of the
resolvase family of site-specific recombi-
nases (4, 5).

The 3 resolvase protein (encoded by
the yd transposon) carries out strand ex-
change within a synaptic complex that
contains two 120-bp segments of DNA
(known as res) and at least six dimers of
resolvase (one dimer occupying each of the
three binding sites that constitute res) (4,
5) (Fig. 1). The three binding sites within
res are essential for its activity, and recom-
bination occurs by DNA breakage and re-
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union at the center of site I. This synapto-
some is a highly ordered structure—the two
res sites are interwrapped, trapping precisely
three negative superhelical turns (6)—and
must be determined by a set of resolvase-

Fig. 1. Components of the synaptic complex
assembled by y3 resolvase:"(A) The DNA sub-
strate, res (~120 bp) contains three resolvase
binding sites, indicated by the inverted pairs of
arrowheads and labeled |, Il, and lll. The verti-
cal arrowheads in the center of site | indicate
the recombinational crossover point. (B) An
assembly of eight resolvase catalytic domains
showing the various inter-resolvase interactions
seen in resolvase crystals (77, 17). Four 1,2
dimers are shown (two shaded, two white) with
the crossed cylindrical projections represent-
ing the pair of COOH-terminal o helices that
interact at the 1,2 interface. (The un-numbered
domains form 1,2 dimers with those numbered
3 and 3'). Each dimer contributes one mono-
meric unit to the 2,3/2',3’ tetramer at the center
of the assembly. The COOH-terminal DNA
binding domains are not shown (they are not
visible in resolvase crystals) but would be at-
tached to the ends of the COOH-terminal a-he-

DNA and resolvase-resolvase interactions
constrained by the DNA linkage of the
binding sites and by the negative superhe-
licity of the substrate. However, not all
resolvase protomers in the complex are
equal: only a subset provides catalytic func-
tion [defined here in the narrowest sense as
providing the essential Ser!® residue that
becomes covalently linked to the DNA
during crossover site cleavage (4)], and it is
likely that not all exhibit the same set of
protein-protein interactions.

Our strategy for dissecting the structure
and function of the synaptosome is to place
specific mutants of resolvase—for example,
those defective in chemical catalysis or in a
defined set of protein-protein interac-
tions—at specific binding sites within each
res segment. The outcome of a resolution
assay then indicates whether the resolvase
bound at a defined site makes use of a
specific protein-protein interaction during
assembly of the synaptic complex or plays
an active role in the chemical step of strand
breakage. Specific binding to a mutant de-
rivative of site I can be achieved with the
resolvase mutant, R172L (with Arg'?? re-
placed by Leu). This mutant was obtained
by the use of a genetic screen (7) to select
mutants of resolvase that could bind to a
synthetic site I with a symmetrical G to T
change at position 2 of the consensus half-
site binding sequence TGTCCGATAATT
®).

We have used R172L to determine the
location of the resolvase units that provide
the active sites for catalysis of DNA break-
age and reunion. The results of in vitro
resolution reactions with pNG345 (a sub-
strate containing the mutant site 192T) are
shown in Fig. 2A (top panel). Two mutant
resolvases were used: S10L, which lacks the
critical Ser!® residue and binds weakly to
site I (9), and R172L. S10L alone was

A
| Il [[]
res site
B

| F S E—— |
2,3/2',3' Tetramer

e —————
1,2 Dimers

lical projections (77). The lines indicate two of the three orthogonal dyad axes.
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completely inactive, whereas R172L alone
showed barely detectable activity (presumably
resulting from very weak binding to sites II*
and III*, which may be enhanced by cooper-
ative interactions between resolvase dimers).
In contrast, a mixture of the two mutants
catalyzed efficient recombination of pNG345.
This complementation was dependent on the
specificity of the catalytically competent
R172L mutant for site I°?T, since no activity
was seen with the substrate, pPNG210 (with
wild-type site I), except at the highest con-
centration of R172L, when in the presence of
S10L a very low yield of products was ob-

A
R172L 0 | 0.3 0.6 3.0
SIOL + |+ = |+ = |+ =
)S
res (I527IH 1) P

res -p

Fig. 2. (A) In vitro resolu-

tion reactions containing

substrates and mutant

resolvases as indicated

were restricted and ana-

lyzed by electrophoresis

on a 1% agarose gel (27). o
Abbreviations: p, product;
s, substrate fragments.
The upper panel shows
reactions with pNG345,
the substrate with two
copies of res(IS2TI+III);
the lower panel shows re-
actions with pNG210, a
substrate with two copies
of res*. (B) Autoradio-
gram showing DNase |
footprinting of resolvase
mutants R172L and S10L
bound to res(IS2TIIFIIIT)
(22). Regions corre-
sponding to the three re-
solvase binding sites are
indicated |, Il, and lll. The
resolvases used and
their amounts are as indi-
cated above each lane.
0, no resolvase control -
reaction. -

R172L(2)+ S10L(2)

| R172L(2)
R172L(4)

=g

-

oo

-

()
.

f
i

served (Fig. 2A, bottom panel). DNase I
footprinting of the resolvases bound to
1es(IC2TII*1II*) showed that the mutant pro-
teins bound selectively and that full occupan-
cy of the res site was obtained only when both
mutants were provided (Fig. 2B). We con-
clude that the Ser'® component of the active
site is provided by the resolvase protomers
that specifically bind (by their COOH-termi-
nal domain) to site I (10).

The finding that the site I-bound re-
solvase performs the DNA breakage and
reunion has important implications for the
organization of the synaptic complex. The
arrangement of resolvase protomers in crys-
tals of resolvase or its NH,-terminal domain
led us to consider two alternative dimeric
pairings for DNA binding and catalysis of
recombination; these were called the 1,2
dimer and the 2,3 dimer (11, 12) (Fig. 1B).
Recently, we have shown that the 1,2
dimer is the form of resolvase that binds to
each subsite within res (13). However,
certain features of the 1,2 dimer were un-
attractive for catalysis: the distance be-
tween the two Ser!® residues was not readily
compatible with the DNA cleavage sites,
and the dimer was not part of a 222-
symmetric tetramer. In contrast, and for
the opposite reasons, the 2,3 dimer ap-
peared attractive for catalysis (11, 12). This
has led us to consider two alternative hy-
potheses (13): (i) the 1,2 dimer also per-
forms catalysis, but when bound to site I
undergoes a conformational adjustment
that brings the two Ser'© residues close to
the DNA cleavage sites; (ii) catalysis is
performed by a 2,3 dimer (in the context of
the 222-symmetric 2,3/2',3' tetramer),
with this catalytic unit formed specifically
within the synaptic complex either from
the 1,2 dimer that initially was bound to
site I or from the assembly of resolvase
protomers bound at the accessory sites Il
and III (and then recruited to the crossover

¥
Q @
c N
(o
Z W

R2A + E128K

R2A
S10L + E128K

E128K + R2A
S10L + R2A
E128K + S10L
wild type

R2A + S10L
S10L

Fig. 3. In vitro resolution reactions containing
the res* substrate, pRR51 (23), and mutant
resolvases as indicated (24). Abbreviations are
as in Fig. 2A. The faint band just visible below
the resolution products is the result of cleavage
at the crossover site without ligation.
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point within site I). The results with R172L
and S10L establish that the catalytic unit is
not recruited from sites II or III and permit
us to investigate the relevance of the 2,3/
2',3" tetramer to the catalytic (site I-
bound) unit of resolvase.

The 2-3’ interaction, the core interac-
tion of the 2,3/2',3’ tetramer, is essential
for synapsis and recombination and is elim-
inated in mutants such as R2A (12, 14). In
principle, we could direct R2A to site 1527
by constructing a double mutant with
R172L. However, in vitro complementa-
tion experiments with a res* substrate and
existing single mutants show that the RZA
mutant is catalytically competent (Fig. 3).
In pairwise complementation tests (Fig. 3),
S10L and E128K (which cannot bind to site
III) complemented each other [as shown
before (15)], since the catalytically incom-
petent mutant, S10L, can bind at site III of
res and perform the accessory functions
needed at that site. By contrast, R2ZA did
not complement E128K—even though
R2A can bind to site III, it cannot take part
in a 2-3' interaction that presumably is
required of the resolvase at site III for
synapsis. However, a mixture of R2ZA and
S10L showed substantial recombination ac-
tivity. Our interpretation is that the cata-
lytically incompetent S10L occupies sites II
and III of each res segment and thereby
effects synapsis, whereas R2A (assisted by
the site [-binding defect of S10L) occupies
both copies of site I and is competent to
effect the pairing of these two sites as well as
the breakage, exchange, and rejoining of
the DNA at the crossover point. Since the
R2A mutant is the only one (of RZA and
S10L) with the active site Ser!'®, and we
have shown that the only binding site at
which this Ser'® is required is site I, then
R2A must be bound at site I to effect
resolution. Thus, the data suggest that the
unit of resolvase that binds site I and
performs catalysis does not make use of the
2-3' interface. We can draw two separate
inferences (one strong, one weaker) from
these data, since in the synaptic complex,
the resolvase catalytic units at each site I
are likely to interact both with one another
(to pair the two crossover points) and also
with resolvase dimers bound at the accesso-
ry sites II and III. The data eliminate the
hypothesis that a 2,3/2',3’ tetramer is the
catalytic unit of resolvase; this leads us to
conclude that the 1,2 dimer is the form that
not only binds DNA but also effects its
breakage and reunion. In addition, the data
suggest that the 1,2 dimers of resolvase
bound to the two copies of site I in the
synaptic complex do not communicate with
the rest of the complex by way of the 2-3’
interface. This is a somewhat weaker infer-
ence, since in the complementation exper-
iment, sites II and III are presumably occu-
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pied by resolvase mutants (SIOL) that have
intact 2-3' interfaces (including residue
Arg?); thus, the Arg? connection (which is
made twice at each interface) would only be
partially eliminated.

The proposal that the catalytic unit of
resolvase consists of a pair of 1,2 dimers has
two implications. First, the 1,2 dimer,
when bound to site I, must be appreciably
distorted from its crystallographic confor-
mation to allow access of the two Ser!®
residues to the crossover point. We have
recently presented other data to support
this view (16), and Rice and Steitz (17)
have proposed that a scissorlike movement
at the 1,2 interface could bring the two
active sites closer together. Second, the
two site [-bound 1,2 dimers either have a
222-symmetrical way of interacting with
one another that is as yet unrecognized
(perhaps mediated by the COOH-terminal
63 residues of resolvase, which are not
visible in any crystal forms of the intact
protein), or are held by resolvase-resolvase
interactions with the rest of the synaptic
complex in an equivalent symmetrical man-
ner (17) (these two alternatives are, of
course, not mutually exclusive). Consider-
ation of the DNA-invertases, a resolvase-
related class of site-specific recombinases,
exemplified by Hin and Gin suggests that a
direct interaction between the two catalytic
dimers must occur (18). The inversion sys-
tems have just one recombinase dimer bind-
ing site for each recombination partner,
and although these systems use an accessory
protein, Fis, pairing of recombination sites
can be observed with Hin alone in the
absence of Fis (19). In addition, Fis-inde-
pendent mutants of Gin give recombina-
tion in the absence of the accessory protein,
indicating that the recombinase dimer con-
tains the information necessary for synapsis

(20).
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Calcium Sparks: Elementary Events Underlying
Excitation-Contraction Coupling in Heart Muscle

H. Cheng, W. J. Lederer,* M. B. Cannell

Spontaneous local increases in the concentration of intracellular calcium, called “calcium
sparks,” were detected in quiescent rat heart cells with a laser scanning confocal micro-
scope and the fluorescent calcium indicator fluo-3. Estimates of calcium flux associated
with the sparks suggest that calcium sparks result from spontaneous openings of single
sarcoplasmic reticulum (SR) calcium-release channels, a finding supported by ryanodine-
dependent changes of spark kinetics. At resting intracellular calcium concentrations, these
SR calcium-release channels had a low rate of opening (~0.0001 per second). Anincrease
in the calcium content of the SR, however, was associated with a fourfold increase in
opening rate and resulted in some sparks triggering propagating waves of increased
intracellular calcium concentration. The calcium spark is the consequence of elementary
events underlying excitation-contraction coupling and provides an explanation for both
spontaneous and triggered changes in the-intracellular calcium concentration in the mam-

malian heart.

Excitation-contraction coupling in heart
muscle is triggered by an increase in the
concentration of intracellular calcium
([Ca?*]) due to the sarcolemmal Ca?*
current (I,), and this increase in [Ca®*]; is
amplified by the SR by a process known as
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Ca?*-induced Ca?* release (CICR) (1-3).
CICR also exists in other types of muscle
and in many cells with intracellular Ca?*
stores (4, 5). For the heart, studying CICR
in situ has been difficult because of the
complex microarchitecture of the muscle
cell, which precludes direct examination of
intracellular events at the level of single
channels. Although the Ca?*-release chan-
nel has been studied in reconstitution ex-
periments in planar lipid bilayers and has
been identified as the ryanodine receptor
(RyR) (6), such experiments necessarily
preclude examination of the regulation of
the release channel in its intracellular en-
vironment. Using a laser scanning confocal
microscope and the fluorescent Ca?* indi-





