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ABSTRACT: RIM proteins play critical roles in synaptic vesicle priming and diverse forms of presynaptic
plasticity. The C-terminal €8 domain is the only module that is common to all RIMs but is only distantly
related to well-studied £domains, and its three-dimensional structure and interactions have not been
characterized in detail. Using NMR spectroscopy, we now show that N- and C-terminal extensions beyond
the predicted €B domain core sequence are necessary to form a folded, stableoRIMBLdomain. We

also find that the isolated RIMLC,B domain is not sufficient for previously described proteprotein
interactions involving the RIMd& C-terminus, suggesting that additional sequences adjacent tohe C
domain might be required for these interactions. However, analytical ultracentrifugation shows that the
RIM1la C;B domain forms weak dimers in solution. The crystal structure of the RINI3B domain

dimer at 1.7 A resolution reveals that it formg3assandwich characteristic of @lomains and that the
unique N- and C-terminal extensions form a small subdomain that packs agairsisamwich and
mediates dimerization. Our results provide a structural basis to understand the function ofRthdr@ains

and suggest that dimerization may be a crucial aspect of RIM function.

Synaptic vesicle exocytosis is central for interneuronal release 1—3). In addition, neurotransmitter release is
communication. This process involves several steps thatcontrolled by proteins with specialized roles, such as thé Ca
include docking of synaptic vesicles at specialized sites of sensor synaptotagmin 1 and the components of the active
the plasma membrane called active zones, one or morezone @, 4).
priming reactions that leave the vesicles ready for release, Presynaptic active zones are composed of a network of
and the actual release of neurotransmitters triggered By Ca large proteins that include Liprins, Bassoon, piccolo/aczonin,
influx when an action potential reaches the presynaptic RIMs, Muncl13, and ELKSH, 6). Among these proteins,
terminal (). These different steps are governed by a complex RIMs are particularly interesting because they exhibit
protein machinery that shares several components with mostmultiple interactions that are believed to organize the active
other types of intracellular membrane traffic. These com- zone and because they play multiple roles in regulating
ponents include, among others, the soldtethylmaleimide neurotransmitter release and presynaptic plasticity processes
sensitive factor attachment protein receptors (SNARREs that mediate some forms of information processing in the
synaptobrevin/VAMP, syntaxin and SNAP-25, which are brain (7). RIM1a was initially identified as a large Rab3
critical for membrane fusion, and Rab3s, which are small effector that contains an N-terminal zinc finger (ZF) domain,
GTPases from the Rab family that regulate neurotransmittera PDZ domain, and two C-terminal,@omains (the €A

and GB domains) 8) (Figure 1A). Three additional RIM
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Ficure 1: Definition of the RIMIx C,B domain boundaries. (A) Domain diagrams of the different RIM proteins identified in mammals.

(B) Summary of the RIM& fragments prepared to identify the boundaries of the RINCLB domain. On the left, bar diagrams illustrate

the lengths of the different fragments, and the residue numbers of their N- and C-termini are indicated. Residues 1381 and 1615 correspond
to the boundary of a splice site (splice site C; seel@®f and to the C-terminus of RIMi, respectively. The names assigned to the
fragments as well as their expression level, solubility, and feasibility of purification are qualitatively indicated on the right (%A
attempted).

The proposed role of RIMs in organizing active zones elegans(11). C, domains are widespread protein modules
emerged from the observation of diverse interactions involv- whose most common properties areCand phospholipid
ing their different domainsl1@). The N-terminal region of  binding 30). These properties have been extensively studied
a-RIMs including the ZF domain and adjacent sequences in archetypical @ domains such as those of synaptotagmin
binds to Rab3g) and to Munc13-118), a large active zone 1, which bind multiple C& ions through five conserved

protein with a critical role in synaptic vesicle primingS aspartate residue81—33). However, the RIM GB domain
20) that is executed by its MUN domair2l). Munc13-1 is only distantly related to these,@omains 27) and does
forms a homodimer through its N-terminaj&Cdomain @2), not contain a full complement of aspartate?Céigands.

which is also involved in binding to the-RIM N-terminus Hence, the RIM @B domain is unlikely to bind CH,

(18) to yield a tripartite complex with Rab38). On the although this prediction has not been tested, and it is unclear
basis of these results, it has been suggested that a Munc13-Whether this domain contains unusual structural features that
homodimer to Munc13-%-RIM heterodimer switch may  may underlie a unique mechanism of action.

regulate synaptic vesicle priming and couple priming to some 1o shed light on these questions and provide a structural
forms of presynaptic plasticity2@, 23). Additional protein-  pasis to understand the function of the RIMT;B domain,
protein interactions ofi-RIMs include those of a proline- e have analyzed its three-dimensional (3D) structure and
rich sequence between the twpddmains with RIM binding  jnteractions by NMR spectroscopy and X-ray crystal-
proteins @) and of its PDZ domain with ELKS24), which  |ography. We find that N- and C-terminal extensions beyond
provides an indirect link to the active zone proteins Piccolo the canonical €domain sequence are required to form the
and Bassoon2y). The RIM GA domain was suggested 1o complete, folded @B domain of RIM&x. We also find that
bind to SNAP-25 and synaptotagmin26j, although these  the RIM10 C,B domain does not bind Ga and is not
intera_ctions could not be confi_rmed in separate studlés_ ( sufficient to bind to the synaptotagmin % Gomains or to
27). Finally, the RIM GB domain has been reported to bind  |iprins but forms a dimer in solution. The crystal structure
to liprins, which also form part of the active zone, and also of the RIM1o. C,B domain using diffraction data to 1.7 A
to synaptotagmin 11@, 26). S . reveals g8-sandwich structure that is similar to those of other
Although until recently there was little information on the C, domains but includes in addition a subdomain formed
structure and interactions of RIM and Muncl3 domains, by the N- and C-terminal extensions, which pack against
NMR and X-ray studies have uncovered in the last 2 years gne side of the8-sandwich and mediate dimerization. Our
the structures of the RIM ZF domai@3) and GA domain  resylts suggest a model whereby one of the functions of the
(27), the Munc13-1 GA domain homodimer32) and G RIM C,B domain may entail dimerization to facilitate the
domain @8), the RIM ZF/Muncl3-1 GA domain het-  \Munc13-1 GA domain homodimer to Muncl3-d/RIM

erodimer 22), and the RIM PDZ domain bound to an ELKS ' paterodimer switch that likely regulates synaptic vesicle
peptide @9). However, no detailed information is available  prjming.

on the structure and interactions of the RIMBCdomain.

Both the high evolutionary sequence conservation of fiie C EXPERIMENTAL PROCEDURES

domain @0) and its presence in all RIM isoforms (Figure 1)

suggest that this domain is critical for RIM function, which Sample PreparatiorDNA plasmids encoding GST fusion
was supported by the finding that an Unc10 mutant lacking proteins of diverse fragments of rat RIlispanning the
the GB domain is unable to rescue uncl0 functionGn C.,B domain (see Figure 1B) were made using custom-
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Table 1: Data Collection and Refinement Statistics

A. Data collection
space group P3,21
unit cell dimensions

ab,c(A) 62.0, 62.0, 145.2

wavelength (A) 0.97918
resolution range (&) 26.41-1.73 (1.76-1.73)
data completene%s 99.9 (100.0)
Rmergé (%)° 5.7 (74.7)
lo(l)e 30.9 (2.1)
multiplicity© 7.0(7.1)
Wilson B factor (42) 25.13
B. Phasing

anomalous scatterer selenium (9 out of 10
possible sites)
figure of merit (resolution 0.348

range= 50.0-1.73 Ay

C. Refinement
resolution range (&) 26.40-1.73 (1.78-1.73)
no. of reflectionRyor/Riree  33,139/1,400
Ruork/Riree (%0)° 17.9 (23.2)/21.5 (28.1)
atoms (non-H protein/water2,256/189/35/1/3
sulfate ion/ sodium ion/

chloride ion)
averageB factor (A?) 26.0
r.m.s.d. bond lengths (A)  0.017
r.m.s.d. bond angles (deg) 1.81

A: 1,4561,460; 1,49%+1,493; 1,595-1,615
B: 1,491-1,493; 1,55%1,558; 1,5951,615
88.0/12.0

missing residues

Ramachandran analysis
(most favorable/allowed)
(%)

aData collection values are as defined in the program HKL2000.
b Calculated after phase refinement in the program MLPHARG). (
¢ The values in parentheses are for the highest resolution &fRalkge
=100y nYillni — MaOVYRYi Ini, where the outer sumh) is over the
unique reflections, and the inner suifi§ over the set of independent
observations of each unique reflection.

Guan et al.

183—-470) were expressed and purified as described previ-
ously (13, 32, 33, 35).

NMR SpectroscopyAll NMR data were acquired at
27 °C on Varian INOVA500 or INOVAG600 spectrometers
(Varian, Palo Alto, California) with RIM& C,B domain
samples dissolved in standard buffer (20 mM MES (pH 6.0),
150 mM NaCl, 1 mM EDTA, and 0.5 mM TCEP), using
H,O/D,0 95:5 (v/v) as the solvent. The I'Bl NMR spectra
were acquired at variable RIMAC,B domain concentrations
(12 uM to 1.22 mM) using water presaturation. Ta
titrations monitored byH->N HSQC spectra were performed
as described 32). All 2D 'H-15N HSQC spectra were
acquired at 86:100uM protein concentrations. The 1BN-
edited'H NMR experiments to test for lipid binding were
performed with 5«M RIM1a C,B domain by acquiring the
first trace of a'H-1>N HSQC spectrum. All NMR data were
processed with the program NMRPip86) and analyzed
with the program NMRView 7).

FRET Assay€=mission fluorescence spectra were acquired
on a PTI spectrometer with excitation at 285 nm with
samples containing &AM RIM1a C,B domain and/or 0.01
mg/mL phospholipid vesicles composed of 65% phosphati-
dylcholine (PC), 25% phosphatidylserine (PS), and 10%
dansyl-phosphatidylethanolamine (dansyl-PE), dissolved in
standard buffer containing 1 mM EDTA or 1 mM CaCl

X-Ray CrystallographyRat RIM1a. C;B domain dissolved
in 20 mM MES (pH 6.0), 150 mM NaCl, 1 mM EDTA, and
0.5 mM TCEP was concentrated to 19 mg/mL for crystal-
lization using the hanging drop vapor diffusion method.
Drops in a ratio of JuL protein to 1uL well solution were
equilibrated against 0.1 M sodium citrate (pH 4.1) and 1.55

designed primers and standard PCR cloning techniques andV! (NH4)2SO; at 20°C. Crystals appeared overnight and grew

subcloned into the pGEX-KT expression vect8d)( The
fusion proteins were expressed at 23 in E. coli BL21,
isolated by affinity chromatography on glutathione-sepharose,
followed by on-resin cleavage with thrombin. The eluted
proteins were further purified by gel filtration chromatog-
raphy on an S75 column (Pharmacia). UnifofiN-labeling
was achieved by growing the bacteriatiNH,Cl as the sole
nitrogen sources. The seleno-methionine derivative of rat
RIM1la C;B domain was similarly purified. Fragments
corresponding to the rat synaptotagmin ACdomain
(residues 146267), GB domain (residues 27421), and
C,AB domains (residues 14121) as well as a rat-liprin3
fragment spanning the minimal RIM-binding region (residues

to a final size of 0.05x 0.05 x 0.05 mn# within 2 days.
Prior to data collection, crystals were transferred into a
solution of 0.1 M sodium citrate (pH 4.1), 0.15 M NaCl,
1.7 M (NH,),S0O,, and 20% (v/v) ethylene glycol, and then
flash-cooled in liquid propane. Selenomethionine-derivatized
(SeMet) crystals were grown and cryoprotected via a
procedure similar to that used with the wild type and
equilibrated against 0.1 M sodium citrate (pH 3.5) and 1.75
M (NH,4),SO, and cryoprotected in a solution of 0.1 M
sodium citrate (pH 3.5), 0.15 M NaCl, 1.9 M (NHSQ,,
and 20% ethylene glycol. Diffraction data were collected at
the Structural Biology Center beamline 19 BM of the
Advanced Photon Source (Argonne National Laboratory,
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FIGURE 2:

1H-15N HSQC spectra of the RIMi C2B-1 (A) and C2B-3 (B) fragments acquired at 600 MHz.
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Argonne, lllinois) at 100 K to a Bragg spacindy,) of 1.73 A ®
A. The crystals exhibited the symmetry of space grBGp 106 . .
21 with unit cell parameters of = b = 62.0 A andc = 110 _ e ° o
145.2 A, and contained two molecules per asymmetric unit. ' & . ° o L
Data were processed and scaled in the HKL2000 program 14 °o® ° @ e ° ‘
suite 38). The rat RIMIx C2B domain structure was E 8 g?m 0o
determined with experimental phases obtained from a single- e o feg ‘}‘,?; o
wavelength anomalous dispersion (SAD) experiment using L 00| ° ’o';g o:oog'i_ga . 2
X-rays with energy near the selenium K absorption edge. - _}'g 5_;%;2:
Using data to 1.73 A, 9 of 10 possible selenium sites were 126 < L3 YL . °
located using the progra®HELXD (39) and refined with . 2= g f °
the programMLPHARE(40), resulting in a figure of merit 130le = ° o o
of 0.348. Phases were improved by density modification in P
the programDM (41), resulting in a final overall figure of 134 :
merit of 0.828 in the last resolution shell (1:78.73 A). B ®
Refinement of the model was carried out with the program 108 2
Refmach 42) of the CCP4 packagé®). Manual adjustments 110 _ i % e a o
to the model were carried out with the programs4@) @and " & . @ - L.
Coot @5). The electron density clearly showed the presence __ 14 ° °r @ 8 o °
of seven sulfate ions. After refinement of the protein part E ° 03° o°2
was complete, solvent molecules were added where stere- 2 18 o 9 \9%%\? Fo
ochemically reasonable. The model has good stereochem- o s oéi” gfgo 2
istry, with 88.0% of residues in the most favored region of 122 e f*g °§‘§?‘3«§L
the Ramachandran plot and none in disallowed regions. Data 126 “ >3 s ‘“%oo o °
collection and refinement statistics are listed in Table 1. P 2 S

Analytical UltracentrifugationSedimentation equilibrium 130le *° o o
experiments were performed with a Beckman Optima XL-I o
analytical ultracentrifuge using a 4-position An60Ti rotor and 134 =
an absorbance optical system (Beckman Instruments, Ful- 1061 C °
lerton, California). Each cell has a six-channel carbon-Epon . -
centerpiece with two quartz windows giving an optical path 110 . L Lee®
length of 1.2 cm. The sample channels and reference ' L e =L 2,
channels were filled with 100L protein solutions and 110 14 ° ° e @ & o °
uL buffer solutions, respectively. Absorbance was monitored £ © gz° o °g_
for each cell in 0.002 cm steps at a wavelength of 280 nm. amp s fed, &
Samples were centrifuged at 20,000 rpm, 25,000 rpm, 29,- Y o8 a:ﬂ%%f &
000 rpm, and 35,000 rpm at 4C until equilibrium was . f8¢ g,%:::
reached, followed by overspeed runs at 42,000 rpm to obtain 126 “ 27 “ﬁvﬁ s d
baseline values of absorbance that were used in subsequent o & &
fits. The loading concentration of RIMLC2B domain was 130fe °° e °
22 uM in 20 mM MES (pH 6.0), 150 mM NaCl, 1 mM o
EDTA, and 0.5 mM TCEP. The partial specific volume of 134 SF 9T EE 5T 5 9T 66
RIM1o C2B domain at £C was calculated from its amino F2 (ppm)

acid composition to be 0.7362 érg 1, and the monomeric ) . .

molecular mass was calculated to be 18,758.9 Da. The Eﬁ%ﬁo%égﬂmlf gcé%rﬂgmim( ,f)‘iﬁ,s_lg‘,f,’ t,_?'sn(géosgsc?rrat%ftr;ﬁe
solvent density was calculated to be 1.00myg ™" at 4°C. RIM1a C,B domain in the absence (black contours) and presence
Data sets were fitted to either the single ideal species model(red contours) of 10 mM Ca. (B and C)'H-5N HSQC spectra of

or the self-association model using Beckman Optima XL- 80 uM **N-labeled RIMIx C,B domain before (black contours)
A/XL-l data analysis software (Origin 6.03). Global analysis and after (red contours) the addition of 1M unlabeled

: . ; in1 [
was applied to data sets obtained at the different rotor speeds?é;'%?t%a?nwncag ,‘fl|f;%%@t$2tv¢grﬂ“gcfﬁsife“d‘:it(?%o"[vlp,jﬁ_sence

RESULTS dicted GB domain signature with or without N- and/or
Definition of the RIM&x C,B Domain BoundariesAll C, C-terminal extensions (C2B-1 to C2B-6; see Figure 1B). All
domains whose 3D structure has been determined are formedhese fragments could be expressed in bacteria, but only those

largely by sequences that adogi-sandwich with loops and  containing an extension to the very C-terminus of RtéM1
sometimesx-helices emerging at the top and the bottom of were soluble. The presence of N-terminal extensions of
the sandwich. Some @lomains contain extensions in their different lengths did not appear to affect the solubility of
termini that provide additional structural elements (e.g., the these fragments, but complete deletion of the N-terminal

C,B domain of synaptotagmin B8) or the Munc13-1 @A sequence extensions led to instability and low yields during
domain @2)). To investigate the minimal sequence of Rid1  purification (C2B-5 fragment; Figure 1B).
required to form a folded $8 domain, we prepared six We have shown previously thdH-'*N heteronuclear

constructs to express RIMlfragments spanning the pre- single quantum coherence (HSQC) spectra provide a useful
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Ficure 4: RIM1a C,B domain does not bind to phospholipids. (A) Fluorescence spectra (excitation at 285 nm) of samples containing 0.01
mg/mL phospholipid vesicles composed of 65% PC, 25% PS, and 10% dansyl-PE (black li)RIM1a C,B domain (blue line), or

0.01 mg/mL phospholipid vesicles, anduM RIM1a C;B domain in 1 mM EDTA (red line) or 1 mM Ca (green line). (B) One-
dimensional®>N-edited'H NMR spectra of uM RIM1oa C,B domain without (left panel) or with the addition of 1 mg/mL phospholipid
vesicles in the presence of 1 mM EDTA (middle panel) or 1 mM*Qaight panel).

tool to examine the behavior and proper folding of protein

fragments, which can guide crystallization tria22,(46, 47). 20 pM 101 uM 406 uM
Hence, we acquiretH-"N HSQC spectra of the two RIMil

fragments that were soluble and could be purified in high

yields (C2B-1 and C2B-3; Figure 1B). TH&l-!SN HSQC

spectrum of the C2B-1 fragment exhibited abundant cross-

peaks in the center of the spectrum and only a few very broad

cross-peaks in well-resolved regions (Figure 2A); such cross-

peak broadening likely arises from aggregation. However,

theH-N HSQC spectrum of the C2B-3 fragment exhibited 0zppm 04 -02Zppm 04 -02ppm
much narrower cross-peaks and excellent dispersion (Figure B £ 0.02]
2B), showing that this fragment is properly folded and well- 30 nu: gﬁ% k ﬁ .. .
behaved. These results show that the C2B-3 fragment spans B EaRa ?‘ﬂr &%

the minimal sequence for proper folding, and hereafter, we 01-0-02—
will refer to this fragment as the RIMLC,B domain. 1

: , : 1.0- o
Analysis of RIM&x C,B Domain Interactions.*H-5N 09 7

. — 0.9 I -7
HSQC spectra also provide a powerful tool to analyze the & o8] £4 -~

binding of ions to proteins as well as proteiprotein 0 071 et

interactions. Thus, we tested whether the RiMI,B domain 8 061 .

binds C&" by acquiring'H-"N HSQC spectra in the absence 5 051 £

and presence of Ga Even C&" concentrations as high as £ 041 y n-t‘"?-”‘,f

10 mM caused practically no perturbation in the-15N 2 03] ‘,..zf:*‘;.ﬂ_'““ ~

HSQC spectrum of the RIMiL C,B domain (Figure 3A), < o] v‘:ﬁ:{;;w s

showing that as predicted this domain is unable to birti Ca 0.1 -;_“_‘_-;‘,"_;’:._s*“ ‘ ‘_;a-’*

We also used a fluorescence resonance energy transfer 0.0 Lt : : : : .

(FRET) assay33) to test for phospholipid binding to the 00 05 1'?; o2 Eésmz) 20 25 30
“lo

RIM1a C;B domain in the absence or presence of'Chut o ) .
no binding was observed (Figure 4A). These FRET assaysgfgzri%f ?A?%‘é?ﬁﬁ”rgéitgﬁ RiM SIZS ‘ggg“;‘r'; fﬁ)tﬁépg{'ﬁéfn
common!y detect phospholipid binding to @aj_ependent C,B domain at 20, 101, and 4@8M concentration. For comparison

C, domains because at least one tryptophan is close to theyumoses, the vertical scale of the spectra was set to values that
membrane in their usual €ainduced phospholipid bound  were inversely proportional to the protein concentration. (B)
orientation. Because the RIM1C,B domain could poten- Equilibrium sed.imentation analysis of the RIMT,B domain. The
tially bind to phospholipids in a different orientation that data were obtained at centrifugation speeds of 20,000 rpm (black),

. P . . 25,000 rpm (red), 29,000 rpm (green), and 35,000 rpm (blue). The
could yield minimal FRET, we also tested for phospholipid curves in the bottom panel were generated by fitting the data to a

binding using 1D*N editedllH NMR spectra of M *N- monomet-dimer equilibrium model. The top panel shows the
labeled RIMIx C,B domain. In these spectra, a strong residuals.

reduction of the signal intensities is expected upon binding

to a large unlabeled target such as phospholipid vesiz®s ( RIM function given the demonstrated role of synaptotagmin

48). However, no significant perturbations were observed 1 as a C& sensor in neurotransmitter releasto, (50).

upon the addition of phospholipids in the absence or presenceHence, we attempted to analyze this interaction using NMR

of C&* (Figure 4B), confirming the FRET results. spectroscopy and a synaptotagmin 1 fragment that spans most
The RIMla C,B domain was reported to bind to synap- of its cytoplasmic region and contains its twg @omains

totagmin 1 (3, 26), an interaction that could be critical for (C,AB fragment). However, the addition of an excess of
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Ficure 6: Crystal structure of the RIMi C,B domain. (A) A region of the By — F. electron density contoured at the level. Two

sulfate ions are clearly visible as tetragonal molecules with a sulfur atom in the center (orange) surrounded by four oxygen atoms (red). (B)
Ribbon diagram of one of the monomers of the RMM,B domain. The3-strands are labeled with numbers, and the N- and C-termini are
indicated with N and C, respectively. The top loops (loops8]that are commonly involved in €abinding to G domains 80) are also

labeled. Note that dashed lines were used to represent arbitrary backbone conformations for a few residues in these loop that were not
observable, likely because of flexibility. (C) Superposition of the two monomers found within thedROyE. domain dimer. (D) Superposition

of the RIMla. C,B domain (orange) with the synaptotagmin 3AClomain (green; pdb accession code 1RSY).

unlabeled GAB fragment to the'>N-labeled RIMIx C,B equilibrium sedimentation data did not correspond to a
domain caused almost no perturbation in tHe'>N HSQC monomeric species but could be fitted well to a monomer
spectrum of the latter in the absence or presence of 10 mMdimer equilibrium with a dissociation constant of 963
C&" (Figure 3B and C). Analogous results were obtained 17.5 uM (Figure 5B). This result is consistent with the
when we recordedH->N HSQC spectra of*N-labeled observed NMR line widths and demonstrates that the RIM1
synaptotagmin 1 €\ domain or GB domain in the absence  C,B domain forms weak dimers in solution.
or presence of unlabeled RIM1C,B domain (data not Crystal Structure of the RIMi C,B Domain Dimer.On
shown). It is important to note thaH->N HSQC spectra  the basis of the good quality of tAel-1>N HSQC spectra of
are highly sensitive to proteirprotein interactions and that  the RIMlo. C,B domain (Figure 2B) and following our
all these data were acquired with soluble, properly folded general philosophy of usingd-*>N HSQC spectra as a guide
fragments that are well characterized by spectroscopic for protein crystallizationZ2, 46), we initiated crystallization
techniques. Hence, these results clearly establish that thdrials of the RIMIx C,B domain (fragment C2B-3) and
isolated RIMTr C,B domain does not form binary complexes quickly obtained high quality crystals in 0.1 M sodium citrate
with the synaptotagmin 1 £domains at the protein (pH 4.1) and 1.55 M (NkK),SQ,. Because molecular replace-
concentrations used in these experiments (caMNPand ment attempts were unsuccessful, the crystal structure of the
suggest that sequences beyond the RINIEB domain and/ RIMla C,B domain was determined by the single-wave-
or the synaptotagmin 1 &lomains may be required for direct length anomalous dispersion (SAD) method and refined using
interactions between these proteins. Usthy!>N HSQC data to 1.7 A resolution. A representative region of the
spectra, we were also unable to observe any interactionelectron density is shown in Figure 6A, and Table 1
between>N-labeled RIMIx C,B domain and an unlabeled summarizes the data collection and refinement statistics.
liprin fragment that was identified as the RIM-binding region In agreement with the equilibrium sedimentation data, the
of liprins (13), suggesting again that the RIMIC,B domain RIM1o C,B domain forms a symmetric dimer in the crystals.
is not sufficient for these previously described interactions, A ribbon diagram of one of the monomers is represented in
which thus may require additional RIMIsequences preced- Figure 6B, and a superposition of both monomers (Figure
ing the GB domain. 6C) shows that they are almost identical (0.31 A rms
During our NMR analyses of the RIMLC;B domain, deviation between all common heavy atoms). The structure
we observed that the resonance line widths were concentracontains g8-sandwich formed by two four-strandgesheets
tion dependent. The resonance broadening is illustrated bythat is characteristic of £domains 80) and encompasses
the signals from well-resolved methyl groups in the D the portion of the RIM#& C,B domain that exhibits homol-
NMR spectra of 2Q«tM, 101 uM, and 406uM RIM1a C,B ogy to the G domain family (residues 14621582). The N-
domain shown in Figure 5A. Note that the vertical scale of and C-terminal extensions beyond this region form a small
the spectra was normalized for the different protein concen- subdomain that packs against a largely hydrophobic side of
trations, and the resonance broadening is thus manifestedhe 5-sandwich and includes two separate helical turns and
not only by the increasing line widths but also by the a short, two-stranded antiparalfgisheet (strands 1 and 10).
decreasing intensities at higher protein concentrations. TheSuch hydrophobic packing may explain the necessity of these
measured methyl line widths (after subtracting 7 Hz becauseN- and C-terminal extensions for the proper folding and/or
of the homonuclear coupling with the neighboring methine stability of the RIMlx C,B domain. Strands 1 and 10 are
proton) ranged from 6 to 7 Hz at 12M RIM1o. C,B domain, provided by the very N- and C-termini of the RIMIC,B
as expected for a monomeric species, te-12 Hz at 1.22 domain, and the strantstrand interaction helps to bring the
mM RIM1a C,B domain. These results indicated that the two termini within close proximity. Note that the loop
RIM1o C;B domain dimerizes in solution. To confirm this  connecting the short N-terminal strand (strand 1 in Figure
conclusion, we used analytical ultracentrifugation. Indeed, 6B and C) to the first strand of th&sandwich (strand 2 in
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Figure 6B and C) is partially disordered in one of the
monomers (in blue in Figure 6C). Partial disorder is also
observed in the loops emerging at the top oftheandwich
that commonly bind C& in C, domains but not in the case
of the RIM1o. C,B domain (loops +3; Figure 6B and C).
Several sulfate ions bound to clusters of basic residues of
the RIMla C,B domain were observed in the electron
density (e.g., Figure 6A). It is unclear whether this finding
arises from potential functional activities of these clusters
or from the high concentration of sulfate ions in the
crystallization conditions.

A structural comparison using the program DAL31f
revealed that as expected the structure of the RINIB
domain is similar to those of all £&domains deposited in
the Protein Data Bank (pdb). The highest Z score yielded
by DALI corresponded to the synaptotagmin JAGlomain
(1.65 A rms deviation between 115 common €arbons).
The superposition of ribbon diagrams of the RidMC,B
domain and the synaptotagmin LACdomain shown in
Figure 6D illustrates the close structural similarity of their
pB-sandwiches despite their low sequence identity (21% using
standard sequence alignment tools; 27% using the structure-
based sequence alignment yielded by DALI). The superposi-
tion also illustrates that the most prominent difference
between these two&lomains is the subdomain formed by
the N- and C-terminal extensions of the RIMC,B domain.

It is noteworthy that although most@omains only contain
the -sandwich, the synaptotagmin LECdomain @3) and

the Muncl3-1 GA domain @2) provide two examples
exhibiting additional structural elements that emerge at the
same side of th@-sandwich where the unique subdomain
of the RIM1a. C;,B domain is located (a C-terminathelix

in the synaptotagmin 18 domain and g-hairpin formed

by a long loop sequence in the Munc13-1AClomain).

The two monomers of the RIMLC,B domain dimer are
related by a 2-fold axis (parallel to the vertical axis in the
orientation of Figure 7A). The total surface area buried by
dimerization is 900 A Interestingly, the dimer interface is
largely formed by the subdomains encompassing the N- and
C-terminal extensions of each monomer. The subdomains
from each monomer pack against each other and against the
concave surface formed by strands 4, 5, 7, and 8 of the
f-sandwich from the opposite monomer. The close-up of the
dimer interface shown in Figure 7B reveals that contacts
between the two monomers involve a number of hydrophobic
and polar interactions, including a salt bridge between K1513
of one monomer and D1589 of the opposing monomer. A

Guan et al.
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Ficure 7: RIM1a C,B domain dimer. (A) Ribbon diagram of the
RIM1a C,B domain dimer with one monomer colored in blue and
the other in orange. The labeling scheme festrands, termini,
and top loops is the same as that in Figure 6B. (B) Close-up view

map of the electrostatic potential on the surface of the dimer of the dimerization interface. The side chains from residues involved

exhibits a striking dipolar character, with the top half being
largely positive and the bottom half largely negative (Figure
7C). A clear dipolar character was also observed in the
RIM1o. C,A domain Q7). This feature of the RIM €
domains may have functional significance, but further
research will be required to assess this possibility.

Figure 8 shows a sequence alignment of RINB@omains
from different species, the rat RIM1C,A domain, and
diverse Cé™-binding G domains whose structures have been
previously solved, including those of synaptotagmin 1, PKCs,
and rabphilin. The alignment illustrates the very high
sequence conservation of RIM,E domains. Some of the
conserved residues are shared withd@mains in general,

in intermolecular contacts and thex€arbons of the same residues
are shown as stick models. Oxygen atoms are in red and nitrogen
atoms in blue. Carbon atoms are colored in cyan for one monomer
and in yellow for the other monomer. Thiestrands are labeled
with the corresponding numbers, and the side chains are labeled
with the one-letter amino acid code and the residue number. (C)
Surface electrostatic potential of the RIMI,B domain dimer.

The electrostatic potential was contoured at the 5 kT/e level, with
red denoting negative potential and blue denoting positive potential.

RIM C,B domains. The alignment also illustrates how the
C&"-binding G domains are distantly related to both RIM
C, domains, which at the same time are also distantly related
to each other (see r&f7 for a more detailed analysis). In
general, residues involved in the dimerization of the RéVI1

whereas many other residues are selectively conserved inC,B domain are highly conserved, although those belonging
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FIGURE 8. Sequence alignment of RIM;B domains from different species and selected rat C2-domains. Residues conserved in most
C,-domains ¢80% of the sequences displayed=ED, K =R, N=Q,L=V =1 =M, F=Y =W, and S= T) are colored in white

with a red background. Residues that appear to be selectively conserved in Blbib@ains are colored white with a blue background.
Residues that appear to be selectively conserved in oth@lo@ains, but not in RIM ¢B domains, are colored black with a yellow
background. The secondary structure elements of the rat R &2B domain are shown at the top of the alignment. HeliBestrands, and

the three top loops that are usually involved in the binding df*Ga C, domains are represented by magenta cylinders, green arrows, and
black bars, respectively. The black asterisks indicate residues involved in dimerization, and the red asterisks denote the positions of the five
aspartate residues that are commonly involved in the binding 8f ©aC, domains 80). Protein kinase C, synaptotagmin, and rabphilin
are abbreviated PKC, SYT, and RPH, respectively. A and B at the end of the protein name refer #& tlm@in and the ¢B domain,
respectively, whereas a and b at the end of the protein name refer to different PKC isoforms. Species abbreviations:RBRWsrat (
norvegicug; HS, human lomo sapiens GG, chicken Gallus gallug; TN, spotted green puffer fishTétraodon nigreiridis); DM, fruit

fly (Drosophila melanogastgr AM, honey bee fApis melliferg; SP, sea urchinStrongylocentrotus purpuratysand CE, round worm
(Caenorhabditis elegapsGenBank entries Q9JIR4 for RIM1B_RN, Q9JIS1 for RIM2B_RN, Q9JIR3 for RIM3B_RN, AAN59931.1 for
RIM4B_RN, Q86UR5 for RIM1B_HS, XP_419884.2 for RIM1B_GG, CAG00377.1 for RIMB_TN, XP_393489.3 for RIMB_AM,
NP_001014630.1 for RIMB_DM, XP_794399.2 for RIMB_SP, Q22366 for RIMB_CE, Q9JIR4 for RIM1A RN, P21707 for SYT1A_RN,
XP_343976 for PKCa_RN, NP_036845 for PKCb_RN, P21707 for SYT1B_RN, and NP_598202 for RPHB_RN.

to the C-terminal extension are less conserved in invertebratestanding the function of the RIMiL C,B domain, here we
(Figure 8), suggesting that dimerization may only occur in have analyzed its 3D structure and interactions with diverse

vertebrate RIMs. targets using NMR spectroscopy and X-ray crystallography.
Our results define the boundaries of the RBT,B domain,
DISCUSSION showing that N- and C-terminal extensions are necessary to

RIMs constitute a fascinating family of proteins that play form a folded, stable module. We find that the RIMC-B
crucial roles in regulating synaptic neurotransmitter release domain does not bind €8, as predicted from the fact that
and different forms of presynaptic plasticity, acting also as this domain contains only one of the five canonical aspartate
scaffolds to organize the active zone. Among the different residues that commonly form the €abinding sites of G
domains found in the different RIM isoforms, only theBC domains (see Figure 8). We were unable to verify previously
domain is present in all of them, suggesting that this domain described proteirprotein interactions involving the RIMi
is a key determinant of RIM function. This notion is also C,B domain, but we uncovered a novel interaction, dimer-
supported by the high evolutionary conservation of the RIM ization, that may be important for its function. The crystal
C,B domain sequence and by rescue experiments of Unc10structure of the RIM& C,B domain reveals how its signature
mutants inC. elegang11). To provide a basis for under- C,-domain sequence formsasandwich characteristic of
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Ficure 9: Speculative model of how RIMiL C,B domain dimerization could facilitate the Munc13-1 homodimer to Muncb3RIM
heterodimer switch during synaptic vesicle priming. The key aspect of the model is that the spatial proximity induced doyliRibtization
facilitates the binding of two RIMd molecules to the two molecules that form the Munc13-1 homodimer. In contrast, the binding of only
one RIMIo. molecule would leave one of the two Munc13-1 monomers free.

C, domains and how the N- and C-terminal extensions form we were also unable to detect previously described interac-
a subdomain that packs against a hydrophobic side of thetions of this domain with SNAP-25 and synaptotagmin 1
p-sandwich. This structure constitutes only the second 3D (26). It is plausible that these contradictions arise in part
structure described for a,@lomain dimer, and the major  because some of the previous data were obtained with GST-
participation of the unusual subdomain in dimerization pull-down experiments, which are prone to artifacts. How-
suggests that £domains may be able to act as protein  ever, it is also possible that RINdsynaptotagmin 1
protein interaction domains by diverse mechanisms.  jnteractions require RIMd sequences adjacent to its C
Our sedimentation equilibrium data show that dimerization §omains. Note also that we did not detect binding between
of the RI_M_loL C,B domain is c.hara_cterized by a relatively the isolated RIM& C,B domain and a liprin fragment
weak affinity. However, the d|mer|c_ structure obse_rved N containing the minimal RIM-binding sequence, but the RIM/
'the.crystgls of the RIMd. (.:ZB do”.‘a'” .ShOW.S that dimer- liprin interaction appears to be tight3) and is likely to be
ization arises from spe_cmc interactions mvol_vmg the concave functionally significant 7). Hence, sequences preceding the
surface of thgs-sandwich and the subdomain formed by the : LTS
RIM1a C;B domain may also be necessary for liprin binding.

N- and C-terminal extensions. Moreover, it is plausible that These results emphasize the need for further research
dimerization may be strengthened by sequences N-terminal, luding th P di t 10 the RIMAGMAINS
to the GB domain or by other proteinaprotein interactions including the sequences adjacent to the RIMiGmains to

that participate in organizing the active zone and may fully understand their biochemical and functional properties.

increase the local concentration of RIMs. Furthermore, the Our results also have implications for our overall under-
formation of RIM dimers could provide a mechanism to standing of how €domains function. Initial studies of these
facilitate the Munc13-1 homodimer to Muncl3:tRIM widespread protein modules suggested that they generally
heterodimer switch that is likely to play a key role in synaptic function as C&-dependent phospholipid binding domains
vesicle priming 22), because the RIM dimer could engage that exhibit little C&™-induced structural changes().

two Munc13-1 molecules during the switch (Figure 9). However, as more £domains are being studied, more
Clearly, further research will be necessary to assess theexamp|es are found that deviate from this paradigm_ For
physiological relevance of the dimerization of the RM1  jnstance, the Piccolo & domain exhibits a drastic &

C,B domain, but our data raise the possibility that dimer- jnquced conformational changg2), and the rat synaptotag-
ization may be a key aspect of RIM function, and the crystal i, 4 G:B domain does not bind Gadespite containing a
structure of the RIM& C,B domain described here will full Complement of potential ca Iigands @_7) Recently,
faci_litate the design of mutagenesis experiments to test thisthe crystal structures of the Munc13-LACdomain ho-
notion. modimer and of the Muncl13-1,8 domain/RIM2x ZF

Two previous studies reported interactions between the : . . ' . .
RIM1a C,B domain and synaptotagmin 13, 26). Because dom"’“’? heterodimer2¢) proy|ded a first gllmpse.at atom|c
resolution of how a €domain engages in proteiiprotein

the synaptotagmin 1£tomains form most of its cytoplasmic interactions. The crystal structure of the RIMC,B domain

region and are largely responsible for synaptotagmin 1 . .
g gely P yhap g described here now reveals the nature of a secomb@ain

function (1, 3, 4), it was surprising that we could not detect i ) luti thoudah .
an interaction between the synaptotagmin,AB fragment imer at atomic resolution. Although Munc13-}Acdomain

and the RIMIx C,B domain. Because our data were obtained dimerization also involved the concave sheet of/irgand-
in solution with well-folded proteins that were well charac- Wich, the mode of dimerization involved the formation of a

terized by spectroscopic techniques, and becatis&N p-barrel between the concave sheet of each mono2®r (
HSQC provides a very sensitive tool to detect protein and is thus different from the dimerization mode of the
protein interactions, our data conclusively show that at least RIM1a C:B domain. Hence, the novel mode of dimerization
these recombinant RIMl and synaptotagmin 1 fragments of the RIMlo C;B domain suggests that@omains may
expressed in bacteria do not form binary complexes in the be able to dimerize and participate in protejrotein
absence or presence ofLalt is noteworthy that in previous  interactions by a variety of mechanisms. It appears that we
studies of the RIM2 A domain by NMR spectroscop ), are just starting to uncover this diversity.
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