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ABSTRACT: AmIC is the negative regulator of the amidase operon which is involved in amide metabolism

in the cytosol ofPseudomonas aeruginas&rystal structures show that AmiC contains two large domains
that are very similar to the periplasmic leucirisoleucine-valine binding protein (LivJ) oEscherichia

coli. Synchrotron X-ray and neutron (in 10084,0 buffer) scattering data were obtained for AmiC in

the presence of its substrate acetamide and its anti-inducer butyramide which binds more weakly to AmiC
than acetamide. Guinier analyses to obtain radius of gyr&ioend molecular weightl, values showed

that AmiC formed trimers whose formation was favored in the presence of acetamide and which exhibited
concentration-dependent properties at concentrations between 0.4 and 2 mg/mL. Above 2 mg/mL, where
trimers predominated, thBs data were identical within 0.05 nm for Ami€acetamide and Ami€
butyramide with mean X-ray and neutr&a values of 3.35 and 3.28 nm, respectively. Scattering curve

fits constrained by the crystal structure of Ami@cetamide were evaluated in order to describe a model

for trimeric AmiC. A translational search of parallel alignments of three monomers to form a symmetric
AmiC homotrimer gave a good X-ray curve fit. Combinations of calculated curves for monomeric, dimeric,
trimeric, and tetrameric AmiC as seen in the crystal structure of AmiC gave reasonable but weaker X-ray
curve fits which did not favor the existence of tetrameric AmiC. It is concluded that AmiC exhibits
novel ligand-dependent oligomerization properties in solution when these are compared to other members
of the periplasmic binding protein superfamily, where AmiC exists in monomeric and trimeric forms, the
proportions of which depend on the presence of acetamide or butyramide.

Pseudomonas aerugino$a a ubiquitous gram negative The combination of secondary structure predictions and
rod-shaped bacterium that is an important opportunistic fold recognition analyses indicated that, despite only 17%
pathogen in man and other animals (Singleton & Sainsbury, amino acid sequence identity, AmiC had the same protein
1987; Jawetz et al., 1987; Koch & Hgiby, 1992). It can be fold as the leucineisoleucine-valine binding protein (LivJ)
isolated from infected burns, urinary tract infections, and the of Escherichia col(Sack et al., 1989a; Wilson et al., 1993).
lungs of patients with cystic fibrosis. It can occasionally be LivJ corresponds to the Cluster 4 subclass of periplasmic
pathogenic in stressed plantB. aeruginosaan utilize short-  binding proteins (Tam & Saier, 1993). The prediction was
chain aliphatic amides such as acetamide;Ci&-NH; as confirmed by the_ crystal structure of AmiC bou_nd_ to its
sole carbon and nitrogen sources, and these are hydrolyzeguPstrate acetamide (Pearl et al., 1994). The similarity of
to ammonia and acetic acid. The enzyme system is inducegthe AmiC structure to that of periplasmic binding proteins

by the presence of amides (Kelly & Clarke, 1962; Stanier et is of interest in that these proteins form a large family of
al., 1966). The amidase operon consis;s of f’ive genes related structures that are involved with the transport of small

namely,amiE, amiB, amiC, amiRandamis in that order. m_oleculles into bacteria .(Tam & Saier, 1993_). A total of
L ) . . eight different prokaryotic subclasses that bind to sugars,
AmiC is a soluble cytoplasmic protein that functions as an

. . ; amino acids, and anions have been identified, and crystal
amide sensor and negative regulator of the amidase operon

. 2 o . S structures have been determined for six of these (Table 1).
AmIC controls the activity of the transcription antitermination onetheless AmiC exhibits distinct functional properties in
factor AmiR, which in turn regulates expression of the

; - ; that it controls AmiR in response to a signal from acetamide,
amidase enzyme systemamiE is the gene which corre- e the periplasmic binding proteins transport small
sponds to the amidase enzyme, amdiB andamiSappear  pgjecules within the inner bacterial membrane. A similar

to form a membrane transport system for the importation of yejationship with LivJ has also been identified for the
amide into the bacteria (Drew & Wilson, 1992; Wilson et extracellular domain of the eukaryotic protein glutamate
al., 1995). receptor, which is involved in neurotransmitter activity
(O’Hara et al., 1993; Stern-Bach et al., 1994). AmiC is
constructed from two nonequivalemthelix/3-sheet domains
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addressed. joined by three polypeptide links which flank a ligand-
;Soya' F_reeCchllSpitall S%hool of Medicine. binding site in a large cleft between them (Figure 1).
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Table 1: Rs Analyses of Representative Crystal Structures for Periplasmic Binding Prfoteins

periplasmic binding protein Brookhaven PDB code Rs (nm) reference
Cluster 1 (molecular weight 40 600)
maltodextrin-binding protein lomp 2.48 Sharff et al. (1992)
maltodextrin-binding proteir- maltose 2mbp 2.39 Spurlino et al. (1991)
Cluster 2 (molecular weight 33 000)
arabinose binding proteitt ligand labe, labf, 5abp 2.22.26 Quiocho et al. (1989)
Cluster 3 (molecular weight 26 100)
histidine-binding proteint histidine lhpb, 1hsl 1.992.02 Oh et al. (1994); Yao et al. (1994)
Lys—Arg—Orn-binding protein 2lao 2.12 Oh et al. (1993)
Lys—Arg—Orn-binding proteint ligand list, 1laf, 1lah, llag 1.99 Oh et al. (1993)
Cluster 4 (molecular weight 36 800 and 41 200)
Leu—Ille—Val-binding protein LivJ 2liv 2.43 Sack et al. (1989a)
leucine-binding protein 2lbp 2.44 Sack et al. (1989b)
acetamide-binding protein Ami€ acetamide 1lpea 2.23 Pearl et al. (1994)
acetamide-binding protein Ami€ butyramide - 2.25 O’Hara et al. (1997)
Cluster 5 (molecular weight 59 100)
oligopeptide-binding proteir- tri-/tetrapeptide lola, lolb 2.52.56 Tame et al. (1994)
Cluster 6 (molecular weight 34 300)
phosphate-binding proteit phosphate labh 2.23 Luecke & Quiocho (1990)
sulfate-binding protein- sulfate 1sbp 2.15 Pflugrath & Quiocho (1988)

a Crystal structures for at least 35 periplasmic binding proteins are available in the Brookhaven database.
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Ficure 1: X-ray scattering curve simulations for Clusters 4, 3, and 1 of the periplasmic binding proteins. The dashed scattering curves
correspond to the closed conformations. Thearbon coordinates of the two proteins are shown with the C-terminal domains superimposed,

and the closed conformations are represented in bold outline. The viewsafdmbon traces are shown to maximise the domain movement

seen between the open and closed forms. (a) AmiC (1pea) and LivJ (2liv) in Cluster 4 were represented by 623 and 559 spheres, respectively,
of radius 0.220 nm. (b) Lysineargine-ornithine-binding protein (1lst and 2lao) in Cluster 3 was represented by 398 spheres of radius
0.220 nm. (c) Maltodextrin-binding protein (Lomp and 2mbp) in Cluster 1 were represented by 94 and 96 spheres, respectively, of radius
0.410 and 0.405 nm.

structure, the cleft is substantially closed. The AmiC amide merization (Perkins, 1988). They have advantages in that
binding site is extremely specific for acetamide with a the data are obtained in solution. The utility of the methods
dissociation constant of 3.#M. Butyramide CH:CH,- has been much improved by the development of calibrated
CHy*CO*NH; is an anti-inducer of AmiC and has a 100- procedures for the calculation of scattering curves from
fold larger dissociation constant. It is possible that AmiC  known crystal structures (Smith et al., 1990; Perkins et al.,
acetamide and Ami€butyramide may possess alternative 1993). Automated scattering curve fit procedures constrained
conformations. by known atomic structures can now be used to assess the
Small-angle X-ray and neutron scattering are powerful unknown structure of a multidomain protein (Mayans et al.,
low-resolution methods for studies of the arrangement of 1995; Beavil et al., 1995; Boehm et al., 1996). The previous
domains in multidomain proteins and their degree of oligo- application of X-ray scattering to periplasmic binding
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proteins showed thatarabinose binding protein was mon- was dialyzed into its?H,O buffer containing 10 mM
omeric, and that on the addition ofarabinose it®s value butyramide, and Ami€acetamide was generated by adding
of 2.12 nm decreased by 0.0940.033 nm (Newcomer et 10 mM-acetamide in AmiC buffer ifH,O immediately prior

al., 1981). This decrease corresponded to a rotation of theto data collection.

two domains closer to one another by°1& 4°. Other

periplasmic binding proteins showed a°Gfbmain rotation (b) X-ray and Neutron Scattering Data Collection

between ligated and unligated lysinarginine-ornithine ) _ )

binding protein (Oh et al., 1993), and a°3%omain rotation X-ray scattering curves were obtained in two beam
between ligated and unligated maltodextrin binding protein S€SSIOns using a camera W|_th a quadrant detector at Station
(Sharff et al., 1992) (Figure 1). Here, X-ray and neutron 2.1 at the Synchrotron Radiation Source, Daresbury, U.K.
scattering methods are applied to determine the solution(Towns-Andrews et al., 1989; Worgan et al., 1990). Sample
structure of AmiC. Unlike the classical periplasmic binding detector distances of 3.14 or 3.17 m were used, with beam
proteins which are monomeric, we show that AmiC exists currents of 122173 mA and a storage ring energy of 2.0
in monomeric and trimeric forms, the proportions of which GeV. This resulted in a usabl@ range of 0.+2.3 nnt*
depend on the presence of acetamide or butyramide. We(Q = 4 sin 6/1; scattering angle= 20; wavelength= 4).
assess whether a ligand-dependent conformational chang®ata acquisition times were 10 min, obtained as 10 time
may occur and describe how automated curve fit methodsfram?s of 1 min each asa control for radiation damage. Other
can be applied to interpret the scattering curves in terms ofdetails of data collection and analyses are described else-

a structure for trimeric AmicC. where [e.g., Beavil et al. (1995)]. Sample temperatures were
set at 15°C.
MATERIALS AND METHODS Neutron scattering data were obtained in one session on

Instrument D11 at the Institut Laué.angevin, Grenoble,
France (Lindley et al., 1992). Sampldetector distances
of 2.00 and 5.00 m were used. With the monochromator
The expression system consisted of a 1.30° base pair set forA of 1.00 nm, and using a 64 64 cn? detector, the
fragment of the amidase system containing &n&C open two detector settings resulted in a usaQleange of 0.06-
reading frame, cloned into a broad host range vector 1.1 nnt. When a rectangular beam aperture of 20 mn?
pMMB66HE, and transformed intoR. aeruginosamidase was used, data acquisition times were typically 5 mifHyO
deletion strain as described and characterized by Wilson andbuffers and 30 min in KO buffers. Samples were measured
Drew (1991). The bacteria were fermented in a modified at 15°C in rectangular quartz Hellma cuvettes of path length
Oxoid No. 2 broth, and protein expression was started by 2 mm for samples idH,O buffers and 1 mm for samples in
the addition of isopropyp-p-thiogalactopyranoside. Cells H,O buffers, and absorbances at 280 nm for AmiC concen-
were harvested by low-speed centrifugation and lysed trations were measured directly in the same cells. Sample
immediately by sonication in AmiC buffer (20 mM Tris- and buffer transmissions were measured relative to an empty
HCI, pH 8.0, 1 mM dithiothreitol, 1 mM EDTA, 1 mM cell transmission for use in data reduction. Data were
phenylmethylsulfonyl fluoride) (Wilson et al., 1991). The processed using standard Grenoble software (RNILS, SPOL-
supernatant after sonication was clarified by centrifugation LY, RGUIM, and RPLOT; Ghosh, 1989). A cadmium run
at 2500@ for 30 min, and AmiC was precipitated using40  for electronic and neutron background was first subtracted
60% saturated (NpL,SO.. The AmiC fractions were pooled, from each scattering curve. The buffer background run was
resuspended in AmiC buffer and dialyzed overnight to subtracted from that of the sample run, and the result was
remove (NH),SO,. AmiC was purified further by ion  normalized for the detector response by using a water run
exchange (Q-Sepharose, Pharmacia) when it was eluted ifrom which an empty cell background, corrected for the
the range 456550 mM NacCl using a ©1 M NaCl gradient. transmission of water, had been subtracted.

These fractions were pooled, made up to 1.2 M {NBQ,, Neutron scattering data were also obtained in one session
loaded onto a pheny]-Sepharose hydrophObIQ Interactionon the LOQ instrument at the pulsed neutron source ISIS at
column, and eluted using a@ M (NH,).SO, gradient. The  the Rutherford Appleton Laboratory, Didcot, U.K. (Heenan
pooled AmiC fractions were dialyzed for several days against g King, 1993). The moderated pulsed neutron beam was
AmiC buffer containing 10 mM butyramide to remove gerived from a tantalum target after proton bombardment at
acetamide. AmiC was then concentrated in an Amicon gg Hz (proton beam current of 174). Based on a fixed
pressure cell and purified by gel filtration as a single peak sample-detector distance of 4.3 m, the usafeéange was

to give concentrations of up to 17 mg/mL. The absorption g 1—2 0 nntl. The data acquisition time \sd. h at ssample
coefficient of AmiC (1%, 1 cm, 280 nm) was calculated as temperaure of 13C. Other details of data collection and

13.6 (Perkins, 1986). . analyses are described elsewhere [e.g., Mayans et al. (1995)
AmiC samples were stored af@ and used withinafew  and Beavil et al. (1995)].

days for scattering experiments. For X-ray scattering and

neutron scattering in #0 buffers, the AmiC-butyramide  (¢) Guinier and Distance Distribution Function Analyses
samples were used as prepared above, and Ame8tamide  of Reduced Scattering Data

was generated by adding 10 mM acetamide immediately

prior to data collection to displace butyramide. For neutron In a given solute-solvent contrast, the radius of gyration
scattering irH,O buffers, the AmiG-butyramide samples R is a measure of structural elongation if the internal
were dialyzed for 36 h with four buffer changes into AmiC inhomogeneity of scattering densities has no effect. Guinier
buffer prepared inH,O and containing either 10 mM  analyses at lov@ give theRs and the forward scattering at
acetamide or butyramide. Alternatively, Ami®utyramide zero angld(0) (Glatter & Kratky, 1982):

(a) Expression and Purification of AmiC for Solution
Scattering
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In1(Q) =In1(0) — RGZQ2/3 sufficient atoms above a specified cutoff such that the total
volume of the 580 cubes equaled that of the dry protein of
This expression is valid in §Rs range up to 1.5. The 55.0 nnf calculated from_ the sequence (SWISSPRQT name,
relativel (0)/c values ¢ = sample concentration) for samples AMIC_PEASE; accession code, P27017) (Chothia, 1975;
measured in the same buffer during a data session gives th&€rkins, 1986). As AmiC contains 384 residues, while only
relative molecular weightsf, of the proteins when referenced 369 residues were visible in the crystal structure for reason
against a suitable standard (Kratky, 1963; Jacrot & Zaccai, ©f crystallographic disorder at the N- and C-termini, this
1981: Wignall & Bates, 1987). Data analyses employed an procedure compensated for the 4% smaller volume present
interactive graphics program SCTPL5 (A. S. Nealis, A. J. I the crystal structure. X-ray curve fits were based on a
Beavil, and S. J. Perkins, unpublished software) on a Silicon 'escaled hydrated model, whose volume is the sum of the
Graphics 4D35S Workstation. dry model and that of a hydration shell of 0.3 g 0f4g of
Indirect transformation of the scattering data in reciprocal AMIC. The latter corresponds to an electrostricted volume
space (Q) into that in real spacB(r) was carried out using ~ Of 0-0245 nm per bound HO (Perkins, 1986). The rescaled

GNOM (Svergun et al., 1988; Semenyuk & Svergun, 1991; cube coordinates have sides of 0.496 nm and correspond to
Svergun, 1992). spheres of radius 0.308 nm. The sphere sizes are much less

than the nominal resolution of72Qmax Of the scattering
1l e . curves. No corrections were applied for X-ray wavelength
P(r) _gzj; I(Q)Qrsin@Qr) dQ spread or beam divergence as these are considered to be
negligible. For both LOQ and D11 data, a 16% spread in
P(r) corresponds to the distribution of distanaelsetween ~ for a nominali of 1.0 nm and a beam divergence of 0.016
volume elements. This offers an alternative calculation of radians were used to correct the calculated neutron scattering
Rs and|(0) which is now based on the full scattering curve curve for the reasons discussed in Mayans et al. (1995).
and also gives the maximum dimensian For this, the Neutron curve fits were used after X-ray curve fitting to
X-ray 1(Q) curve in the range between 0.3 and 2.0Am  confirm that possible solutesolvent contrast effects were
contained 345 data points, which were reduced to 255 pointsnot significant. TheRs value of the model was calculated
by GNOM for the transformation. The LOQ neutré&(®) from the Guinier fit of the calculated curve in the sa@e
contained 76 data points in ti@range between 0.1 and 2.1 fange used for experimental data. The quality of the curve
nm~. GNOM employs a regularization procedure with an fit was defined using arR-factor Ry to measure the
automatic choice of the transformation parameterto agreement between the experimental and calculated X-ray
stabilize theP(r) calculation (Svergun, 1992). TIRér) curve  curves in theQ range between 0.1 and 2.0 nh{Smith et
contains 61 points. A range of maximum assumed dimen- al., 1990; Beavil et al., 1995). For a given set of models
sionsDmaxWas tested, and the final choice@f..xwas based ~ and curve fits, thdis andR; o values were imported into a
on three criteria: (iP(r) should exhibit positive values; (i) ~ SPreadsheet for filtering and sorting to identify the best fit.
the Rg from GNOM should agree with thBs from Guinier Models for oligomers were not retained if they contained

ana|yses; and (|||) th@(r) curve should be stable &5, is less than 95% of the required total of Spheres in order to

increased beyond the estimated macromolecular length.  exclude models with significant steric overlap between the
monomers.

(d) Automated Procedure for Debye Sphere Modeling of In application to the comparative simulations of Figure 1,

AmiC two changes were made: (i) The Brookhaven database files

themselves were used directly in the simulations without
correction for residues not observed in the electron density
maps. (ii) As onlya-carbon coordinates were reported in
the 2mbp structure, only the-carbon coordinates in the
lomp structure were used for reason of consistency.

In application to automated X-ray curve-fitting analyses,

The X-ray and neutron scattering curves were modeled
using small single-density spheres to represent the AmiC
structure. The X-ray and neutron scattering cu(@ were
calculated by an application of Debye’'s Law adapted to
spheres of a single density (Perkins & Weiss, 1983):

1(Q) m  sinQr; INSIGHT 1l 95.0 (Biosym/MSI, San Diego, CA) was used
— =g(Q) n !4+ on2 A ! for all manipulations. Three approaches were developed:
1(0) J; er () A symmetric trimer was considered by orientating

arbitrarily three monomers parallel to each other along their
9(Q) = (3(sinQR — QRcosQR)YQ°R° long axes such that they were related by12@ations about
a 3-foldZ-axis of symmetry. Starting from a model in which
whereg(Q) is the squared form factor for the sphere of radius the centers of the three monomers were close to the central
R, n is the number of spheres filling the body, is the 3-fold axis of symmetry and the monomers were sterically
number of distances for that value ofj, r; is the distance  overlapped, further models for curve calculations were
between the spheres, amd is the number of different  generated using INSIGHT Il macros by moving the mono-
distances;. The method has been calibrated with known mers outward from the centr&taxis in 0.2 nm steps in a
crystal coordinates (Smith et al., 1990; Perkins et al., 1993). total range of 4 nm. (ii) Mixtures of monomeric, dimeric,
The monomeric Ami€-acetamide coordinates (Brookhaven trimeric, and tetrameric AmiC were considered by calculating
PDB accession code: 1pea) formed the asymmetric unit inthe scattering curves for each of the crystallographic
space grou4,2,2, and were used for all calculations. The monomer, dimer, trimer, and tetramer. The putative dimer
coordinates were converted to spheres by placing all residuewas generated using the symmetry-related transformation
atoms within a three-dimensional grid of cubes of side 0.457 y, ztoy, X, -zby application of the crystallographic dyad at
nm. A cube was included in the model if it contained x, x, ¥, (Pearl et al., 1994). A putative tetramer was then
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FiGure 2: Guinier R plots for AmiC—butyramide. The filled A A A & L a0 A A A
symbols between th@R; values as arrowed denote the range used  ~ A
to determind(0) andRs. Statistical error bars are only shown when faopmas a4 2
these are large enough to be visible. (a) Dilution series studied by = A Lo
synchrotron X-ray scattering for Ami€butyramide at concentra- & A
tions of 13.7 ©), 4.1 (), and 1.0 mg/mL 4). The Q ranges for Sl VN
Guinier fits were 0.3-0.5 nnt? for the 1 mg/mL curve and 0.35 A
0.5 nnt! for the 13.7 mg/mL curve. (b) Neutron scattering data . , ,
for AmiC—butyramide concentrations of 5.1 mg/mL used for D11 300 5 10 15

(©) and 2.6 mg/mL used for LOQ™).

Concentration (mg/ml)

generated by application of the crystallographic dyatat Ficure 3: Concentration dependence of the AmiC X-ray Guinier
1,, z to this dimer. The putative trimer was formed by and P(r) parameters. Statistical error bars are only shown when
Lo : . these are large enough to be visible. (a) Those forRhealues
deletlpg any one of the four monomer()s in the tetramer. All for AmiC—butyramide in two different beam-time sessionsand
com_blnat_lons of these_four curves in 1/0 steps were summeda) and for AmiC-acetamide4) is summarized. The dashed lines
for fits with the experimental data. (iii) A putative asym- denote theRg values of 1, 2, and 3 subunits of AmiC from Table
metric trimer model was considered using the crystal- 2 for comparison. (b) The correspondir(@)/c values for AmiC-
lographic dimer and monomer. These were aligned manually Putyramide and Ami€acetamide are shown, using the same
hat thei | h oth ith ~ symbols as in a. The dashed lines denote K®/c values
So that their CenFers were close to eac other without St‘:"r'ccorresponding to the molecular weights for 1, 2, 3, and 4 subunits
overlap. Cartesian axes were defined by reference to theof AmiC. (c) The most frequently occurring distanddsin P(r)
center of mass of the AmiC monomer. The monomer was curves for AmiC-butyramide and Ami€acetamide are shown,
then moved—6 nm along its major translationdtaxis and ~ @lso using the same symbols as in a.
—3 nm along theX- and Y-axes. The two structures were ) ) o
then translated in-0.2 nm steps relative to each other in Senses the presence of its neighbors (Guinier & Fournet,
theX, Y, andz directions for distances of up to 12 nm using 1955). Atthese higher concentrat|lons, a reduckd @nge

calculated from each model for comparison with experimen- {0 0btain linear Guinier analyses.

tal data. The Guinier analyses showed that, at concentrations below
5 mg/mL, both theRs and I(0)/c values decreased with
RESULTS AND DISCUSSION decrease in AmiC concentration (Figures 3a and 3b). This

) ) ) is typical of the dissociation of an oligomeric protein. The

(@) AmiC Oligomers by Synchrotron X-Ray Scattering Rs and 1(0)/c values were consistently higher for AmiC

X-ray scattering data for AmiC in AmiC buffer containing acetamide when compared with Ami®utyramide, in
10 mM butyramide or 10 mM acetamide as appropriate particular at AmiC concentrations below 2 mg/mL, and again
(Methods) were obtained in the concentration range betweenat above 10 mg/mL. This suggested that the presence of
0.4 and 16.4 mg/mL. These are denoted as AmiC-buytr- acetamide induced a higher degree of oligomer formation
amide and AmiC-acetamide respectively. Figure 2a shows in AmiC compared to butyramide. In contrastarabinose
that linear Guinier plots in satisfactoi@R; ranges were  binding protein behaved as a monomeric protein in the
obtained. Guinier analyses of the 10 time frames used duringconcentration range-636 mg/mL of protein (Newcomer et
data acquisition indicated the absence of radiation damageal., 1981).
effects that are commonly seen with other proteins. However To determine whether a conformational change could be
pronounced concentration effects were observed at above 1l@etected in AmiC when the ligand was changed from
mg/mL, where the Guinier plots exhibited diminished butyramide to acetamide, th&; values for the two forms
intensities at the lowes values. These are typical of were compared for curves with identid§0)/c values (i.e.,
interparticle interference effects when each protein molecule similar degrees of oligomerization). For &®)/c value of
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Ficure 4: Comparison of the X-ray scattering curvk®) and
distance distribution function®(r) for AmiC—butyramide and
AmiC—acetamide. (a) Concentration dependence of the X{Qy
curves for AmiC-butyramide and Ami€acetamide. For clarity,
the I(Q) curves were smoothed using GNOM. Continuous, 13.7
mg/mL; dashed, 4.1 mg/mL; dotted, 1.0 mg/mL. (b) Corresponding
distance distribution function®(r) for AmiC—butyramide and
AmiC—acetamide. Each concentration is denoted as in a.

9.3, the full dashed lines in Figure 3a showed thatRae
values of AmiC-butyramide at 8 13 mg/mL were the same
at 3.35 nm (within a range of 0.05 nm) to those for AmiC
acetamide at 35 mg/mL. This showed that no large
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demonstrated a greater concentration dependence with
AmiC—butyramide and ranged from 4.2 to 3.2 nm.

(b) Identification of AmiC Trimers by Neutron Scattering

Neutron scattering for AmiC irfH,O buffers provided
molecular weights as well as acting as a control for the
absence of X-ray radiation damage effects and internal
scattering density inhomogeneity effects in different solvents.
AmiC is now visualized in a high negative solutsolvent
contrast in place of the high positive contrast seen by X-rays.
Linear GuinierRs plots were obtained from both the neutron
cameras D11 and LOQ (Figure 2b). The higher neutron flux
on D11 permitted a dilution series of Amibutyramide and
AmiC—acetamide to be measured between-&8 mg/mL
(data not shown). The neutron Guinié(0)/c values
confirmed the X-ray concentration dependence in Figure 3b.
The mean D1Rg; value for AmiC—butyramide was 3.26
0.08 nm (five determinations between 1.2 and 5.1 mg/mL),
and that for AmiC-acetamide was 3.3& 0.06 nm (four
determinations between 0.8 and 1.9 mg/mL). The corre-
sponding LOQR; values were in agreement at 3.200.05
nm for AmiC—butyramide (one determination at 2.6 mg/
mL) and 3.26 + 0.06 nm for AmiC-acetamide (one
determination at 2.8 mg/mL). The neutr®g values were
close to but slightly less than the X-ray value of 3.35 nm as
expected (Table 2). The small decrease of up to 0.1 nm in
the neutrorR; values is attributable to the surface location
of hydrophilic amino acids and the core location of hydro-
phobic amino acids in AmiC, since hydrophilic residues have
a higher scattering density than hydrophobic residues (Per-
kins, 1986, 1988).

M, calculations were performed from the neutrgf)/c
values, ad(0)/c is measured relative to known standards.
For D11 datal(0)/c for AmiC—butyramide at 3.9 mg/mL
in H,O buffer was determined to be 0.0420.005 relative
to the incoherent scattering of,@8 at a wavelength of 1.0
nm, and this gave aM, of 127 000+ 10 000. Since
monomeric AmiC has al, of 42 600, this is equivalent to

conformational change had occurred within these limits. The 3.0+ 0.2 subunits. For LOQ data, the me)/c value of

errors inRg values are larger at low concentrations, and it
was not possible to consider this question for AmiC below
2 mg/mL. If the binding of acetamide had induced a
rotational closure of the cleft in AmiC, th&s; value would

0.176 observed for Ami€butyramide and Ami€ acetamide
referenced to a known polymer standard and oflf@)/c
values determined for five proteins of knowh between

51 000 and 144 000 (Mayans et al., 1995; Ashton et al., 1995;

be expected to be smaller by about 0.1 nm by analogy with Beavil et al., 1995) gave av, of 150 000+ 25 000, which

L-arabinose binding protein (Newcomer et al., 1981).
Changes in AmiC oligomerization were also visible in the
full scattering curves(Q) out toQ = 2 nm? (Figure 4a),
in which a submaximum a® of 1.2 nnt! at high AmiC
concentration disappeared at low AmiC concentration.
Satisfactory distance distribution functioR&) were calcu-
lated froml(Q) curves on the basis of a presumed maximum
dimensionDmax 0f 12 nm (Figure 4b). The(r) curves
offered an alternative determination B and 1(0)/c, and

these corroborated the Guinier analyses of Figures 3a an

3b (data not shown). The(r) curves also demonstrated a
concentration dependence which is larger for AmiC
butyramide. At all concentrations, the maximum dimension

corresponds to 3.6 0.6 subunits. The full X-ray(0)/c
concentration series in Figure 3b shows that AmiIC is
predominantly trimeric between 5 and 10 mg/mL and
undergoes significant dissociation at concentrations below
5 mg/mL. As anl(0)/c value of 9.3 can be assigned to 3
AmiC subunits in Figure 3b, ah(0)/c value of 3.1 will
correspond to monomeric AmiC. Figure 3a shows that the
Rg of the AmiC monomer is less than 2.5 nm and that AmiC
dissociates into monomers at low concentrations.

d . : :
(c) X-ray Scattering Cure Simulations for Three

Periplasmic Binding Proteins
Curve simulations were performed using known crystal

L of AmiC is close to 9 nm and shows that the different structures for free and complexed forms of the periplasmic
oligomers are similar in overall length. The peak maximum binding proteins in order to assess whether solution scattering
M of the P(r) curves corresponds to the most commonly will monitor domain movements between their open and
occurring distance in AmiC. The concentration dependence closed conformations.

of M in Figure 3c exhibited similar trends to those already (i) The periplasmic binding proteins from six clusters (Tam
observed with thds and1(0)/c values, in that its position & Saier, 1993) exhibitedR; values between 1.99 and 2.56
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Table 2: X-ray and Neutron Scattering Parameters for AmiC Samples and Models

technigue (instrument) protein concentration (mg/mL) experimdéhm)
synchrotron X-ray (St 2.1) Ami€butyramide 716 3.35+ 0.05
AmiC—acetamide 2-5 3.35+ 0.05
AmiC—acetamide 0.4 3.12+0.13
neutron (D11) AmiC-butyramide 1.251 3.26+ 0.08
AmiC—acetamide 0.8-1.9 3.30+ 0.06
neutron (LOQ) AmiC-butyramide 2.6 3.3& 0.05
AmiC—acetamide 2.8 3.26+ 0.06

AmiC models concentration (mg/mL) Rfactor (2.0 nm?) modeledRs (nm)
AmiC scattering (symmetric trimer) 88 4.7 3.39
AmiC crystallographic monomer 2.34
AmiC crystallographic dimer 2.97
AmiC crystallographic trimer 3.53
AmiC crystallographic tetramer 3.66
AmiC scattering (dime#- tetramer) 6.8 6.3 3.38
AmiC scattering (asymmetric trimer 1) 6.8 4.1 3.34
AmiC scattering (asymmetric trimer 2) 6.8 3.9 3.32

aNot shown in Figure 2° Shown in Figures 5 and 6.Generated by deleting any one of the four AmiC structures in the tetramer.

nm in anM, range between 26 100 and 59 100 (Table 1). translational search explored the effect of varying the
The Cluster 4 proteins AmiC and LivJ showed a decrease separation between the monomers in X¥plane while
of 0.21 nm inR; values on going from the unbound to the retaining 3-fold symmetry. The best model by this approach
complexed form. The Cluster 3 proteins gave a smaller in Figure 5 gave a good curve fit, 3s in Figure 6, with a low
decrease of 0.13 nm, and that for the Cluster 1 proteins gaveR,; value of 4.7%. This model also resulted in a good fit
a decrease of 0.08 nm (Table 1). (not shown) to the experimental curve at 1 mg/mL in Figure
(i) Corresponding changes were seen in the full scattering 4a with a satisfactorR, o value of 7.3%, using a scattering
curves out taQ of 2.0 nnt! for these three groups of proteins  curve constructed from 40% monomer and 60% homotrimer
(Figure 1). The scattering curve at lo@ exhibited small (curves 1 and 3s in Figure 6). This monomer:trimer ratio
changes which corresponded to the changes in the Guinierresulted in an estimated association constagbK2 x 10
region. More noticeable intensity changes between the freeM 2, where Ka3 = Cirimer (Cmonome)® (McRorie & Voelker,
and complexed forms were visible in tRerange beyond 1 1993).

nm-. A second analysis was based on the monomer in the crystal

Figure 1 also indicates the domain movements betweenstructure of AmiG-acetamide, together with the putative
the free and complexed forms of these proteins when thedimer, trimer, and tetramer (curves 1, 2, 3, and 4, respec-
C-terminal domains were superimposed upon each other tively, in Figure 6: see Materials and Methods). The curves
While large domain movements of the order of 3@° are changed in theQ range between 0.0 and 0.5 nto
observed and are detectable by solution scattering, Figure lcorrespond to the increaseRga with oligomerization (Table
and Table 1 show that accurate measurements will be2). The dimer model (Figure 5) gave a reasonable curve fit
required. In the case of trimeric AmiC, no domain move- for AmiC—butyramide at 1.0 mg/mL with aR; value of
ments could be detected within a precisiorRgvalues of  8.0%, but this fit was visibly not as good as that for the
0.05 nm. monomet-homotrimer mixture above. In terms of the
. . , L AmiC—butyramide scattering curve at 6.8 mg/mL, the four
(d) X-ray Scattering Cure Simulations for Trimeric models gave poor curve fits witRyo values of 15.3%,
AmiC 12.1%, 9.7%, and 39.3%, respectively. In particular, the

To extend the data interpretation, scattering curve simula- €xperimental curve at 6.8 mg/mL showed a subminimum at
tions were performed in three different analyses for trimeric Q = 1.12 nm*, which is different from that aQ = 0.98
AmiC, starting from the crystal structure for Ami€ nm~* calculated from the tetramer model (curve 4). It was
acetamide. The trimer will have a 3-fold axis of symmetry, Postulated that the observed curve may represent a combina-
as observed crystallographically for proteins such as tumortion of the four curves. Analysis of 5151 combinations of
necrosis factot, deoxyUTPase, and chloramphenicol trans- a@ny three curves stepped in 1% increments gave a best fit
ferase. A structure based on the asymmetric association ofwith 0% monomer, 51% dimer, and 49% tetramer. Analysis
a monomer with a dimer is most unlikely on the grounds of of all 176 851 combinations of four curves gave a best fit
symmetry. If a monomer is bound to one face of a dimer in With 0% monomer, 51% dimer, 0% trimer, and 49% tetramer
such a trimer, a symmetry-related site for a second monomer(Curves 2 and 4 in Figure 6). Although tfi® value of
will exist on the other side of the dimer, and AmiC would 6-3% for this fit is reasonable, the curve fit is seen to deviate
be tetrameric. at Q values above 0.8 nm. The limited success of these

A symmetric AmiC homotrimer was constructed from fits showed that the putative tetramer does not exist, and
three monomers whose longest axes were aligned parallefhis supports the modeling based on a monertemer
to each other with their ligand clefts arbitrarily set to face €quilibrium.
outward and with a 3-fold axis of symmetry between them A third curve fit search assumed that AmiC at 6.8 mg/
along thez-axis (Figure 5). Based on the scattering curve mL corresponded to an asymmetric trimer formed from the
for AmiC—butyramide at 6.8 mg/mL, a one-parameter crystallographic monomer and dimer. In three-paraméter
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Homotrimer
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| I —
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FiIGure 5: a-Carbon outlines of the homotrimer and dimer models for AmiC, based on the-Aat&amide crystal structure. The homotrimer

of AmiC is viewed down the&Z-axis which is indicated by the dot at the center of the structure. The C-termini in this model are denoted
by C. In the final model, the center of mass of the monomer is 2.2 nm from the center of mass of the trimer on its 3-fold axis of symmetry.
The putative crystallographic dimer is depicted as an antiparallel association of two monomers, in which the N-termini are denoted by N.
In the putative crystallographic tetramer, the second dimer is rotated clockwise bywh&H is then positioned in front of the first dimer

as shown.

minimum could be defined. The full systematic search was
based on 31x 31 x 41 steps of 0.2 nm along th¢, Y-,

and Z-axes and gave 39 401 coordinate models. Models
were selected if they contained at least 1650 of the expected
total of 1752 spheres (i.e., only those models without
monomer-dimer steric overlap were retained) and had a
calculatedR; value between 3.0 and 3.5 nm. From these
searches, the best curve fits, 3:1a and 3:2a, had siRilar
values of 3.9% and 4.1%, respectively (Figure 6 and Table
2). While thesdR; o values are now better than those above,
the importance of this search is that it showed that a good
fit can be obtained from a model with incorrect symmetry.
As these models gave the best fits, they were also used for
neutron curve fits as a check of consistency. The fits (not
shown) gave goo® factors in both HO and?H,0 buffers,

and the calculated curve deviated slightly from the two
observed curves in opposite directions at laiQesralues as
expected from the two opposite solttgolvent contrasts in
use.

In 1(Q)

Qnm’ CONCLUSIONS

FIGURE 6: Curve fits of experimental scattering curves for AmiC : . . R -
butyramide. Symmetric homotrimer, 3s; monomer, 1: dimer, 2: The classical view of periplasmic binding proteins is that

trimer, 3; tetramer, 4; asymmetric trimers, 3:1a and 3:2a (Table 2). they are monomeric with two domains that undergo large
The curves were compared with X-ray data for Amiutyramide conformational change during ligand binding. While AmiC
at 6.8 mg/mL. The asymmetric trimer 1 corresponds to an AmiC js most closely related to the Cluster 4 protein LivJ in
monomer with its long axis perpendicular to that of the dimer fsequence and structure, AmiC is a cytoplasmic protein that
(Figure 5). The monomer coordinates are superimposed on one o o . L . .
the two monomers in the dimer by translationsxof 1.7 nm,Y con_trols the activity of AmiR wh|ch_|s dlrect_ly mvolv_ed W|th_
= 2.7 nm,Z= —1.5 nm and rotations of = 95°, Y = 12°, Z = ami gene expression, while LivJ is a perisplasmic protein
—90°. Trimer 2 was generated from a9@orientation of the AmiC ~ that binds aliphatic amino acids. Both exhibit similar
monomer such that the long axes of the monomer and dimer arejnteractions with membrane-bound proteins (Wilson et al.,
B e e Lo e SUBeMpO e o o7 o1 e19)._Unexpecredly AmiC exhiits oligomerc properties
~3.0nm.Z = —2.0 nm and rotations ok = —14°, Y = —20°, Z at high concentrations. Other periplasmic binding proteins
= 195, are generally monomeric, although the galactose binding
protein from Salmonella typhimuriunand E. coli and the
Y-, and Z-axis translational searches, the long axis of the maltose binding protein frork. coli are dimeric, and the
monomer was set perpendicular (curve 3:1a) or parallel addition of ligand causes them to become monomeric
(curve 3:2a) to that of the dimer. A clear minimum in the (Mowbray & Petsko, 1983; Richarme, 1982). The crystal
R, values was obtained for each of the Y-, andZ-axes structures of histidine-binding protein (1hsl) and a malto-
in trial translational searches and showed that a global dextrin-binding protein mutant (1mdp) reveal dimeric struc-
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tures; however, these are attributable to repeated latticebeen used to assess domain structures in single large
contacts between the same domain in a pair of monomers.multidomain proteins (Mayans et al., 1995; Beavil et al.,
In distinction to these examples, AmiC forms antiparallel 1995; Boehm et al., 1996). The present study shows that
dimers in its crystal structure (Figure 5), most probably the the method is applicable to the study of proteprotein
consequence of the crystal lattice, and it participates in a complexes. It should be noted that a good curve fit is only
monomet-trimer association in solution. These results show a test of consistency and will not constitute a unique low-
that AmiC behaves differently from the classical periplasmic resolution structure determination. The good curve fit
binding proteins. obtained for the symmetry-forbidden asymmetric trimer of
Above 2 mg/mL, AmiC is predominantly trimeric. That AmiC is an illustration of this limitation.
trimer formation is promoted in the presence of its ligand  Following the scattering studies, thermal denaturation
acetamide rather than the anti-inducer butyramide may beexperiments (B. P. O’'Hara, G. Siligardi, S. A. Wilson, R.
of biological interest. The concentration dependence of the E. Drew, and L. H. Pearl, 1997, manuscript in preparation)
scattering curves is clear from Figure 4, andI{®/c graphs have shown that Ami€butyramide is less stable than
rise withc to a value corresponding to trimers in Figure 3. AmiC—acetamide. The crystal structure of AmiBGutyra-
Initial analytical ultracentrifugation data by sedimentation mide has been determined and shows that no major confor-
equilibrium methods using a Beckman XLA ultracentrifuge mational changes in AmiC were observed. The root mean
also showed this concentration dependence and yielded asquare difference between thecarbon coordinates of both
comparable estimate of the association constént(O. forms of AmiC was 0.040 nm. This is supported by circular
Byron, D. Chamberlain, and S. J. Perkins, unpublished data;dichroism spectroscopy of Ami€butyramide and Ami€
Ralston, 1993; McRorie & Voelker, 1993). Molecular acetamide which also suggested no major conformational
modeling based on the Ami€acetamide crystal structure changes. These results are consistent with the present
showed that trimeric structures gafy values that cor- scattering data.
responded to the observed values. The possibility of an
imposter model based on a mixture of dimers and tetramersACKNOWLEDGMENT
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