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Single-particle study of protein assembly
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A study of protein assembly in solution with single-particle imaging and reconstruction techniques using
cryoelectron microscopy is reported. The human glutamine synthetase enzyme, important in brain metabolism,
and previously assumed to be assembled into a homogeneous quaternary structure, is found to be heteroge-
neous, with three oligomeric states that co-exist at room temperature. This result corrects an old structural and
kinetic model determined by ensemble averaging techniques that assumed a homogeneous system. Unexpect-
edly fast protein dissociation kinetics results from a stabilized transition state.
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Protein folding and assembly is of general interest in bio-equation
physics. Equilibrium and transient protein structures provide e RT
valuable information about the folding processes. Multiple k=koe 2 (€)
transition states resulting from a complex free energy land- . . .
scape for protein folding and assembly have been investi\f\’r]er(al(0 IS 'the.preexponentllal factor artg, is the free en-
gated theoretically1,2]. The complexity of biological mac- ergy of activation. The act|vat|9n energy of GSH,, is
romolecules makes single-particle experiments particularigmaller than that of GSLE;, and a decrease of
useful in obtaining dynamif3] and kinetic[4] information. 273 kcal/mol inE, results in a 100 fold greatétlr(flt room
Slnglle-pa.mcle. cryoelectron microscopy has been used Bemperature. The equilibrium constat, of Ayy= 2 A,
solving biological macromolecule structur¢S], and the k.,
technique is suitable for investigating multiple-phase syswas measured to be 8.0 ¢ M [14] at 37 °C, and there-
tems[6]. Structural information, when combined with kinetic fore, at an initial 1 mg/ml concentration of,4, the equilib-
data on conformational changd, yields much information  rjum composition ofA,/A,, is 2/3. Using
on the dynamics of biological molecules in solution. To ex-

plore the enzyme assembly procéssvitro, we study the AG°=—-RTInKg,,
glutamine synthetas@GS) dissociation-association pathway ] ) ]
using single-particle cryoelectron microscopy. the free energy difference betwefy, andA, is estimated

GS is an enzyme ubiquitous in human cells, and malfuncto be 8 kcal/mol at 37 °C. .
tion of GS has been found to play an important role in dis- Human GS was prepared with recombinant DNA technol-
ease, neuronal degeneration after injury, and the aging pr&dy and expressed i. Coli. We imaged human GS with a
cesses. There are two forms of GS, GSI and GSII. GSI is dEOL1210 transmission elt_ectron microscope equipped with
stable 12-subunit assembly found only in prokarydes., @ Gatan (_:old stage. The microscope was op_erated at 120 kv
bacteria and blue-green algasvith a monomer molecular accele_ratlon vo_Itgge. Frozen hydra_ted specimens were pre-
weight of 52 kDa[8,9]. GSlI is also a large assembly found pared in a humidity controlled freezing apparatus. A drop of
in eukaryotes(e.g. plants and mammajswith a monomer
molecular weight in the range of 39-47 kD&0,11. Hu-
man GS(GSII) and bacterial GZGS)) differ in the amino
acid sequences, the number of subunits, and the regulatio —21s
mechanisms[9,12—-14. Understanding the difference be- Ea
tween GSIl and GSll is of great medical importance and may

shed light on enzyme evolution.
Subunit assembly of GS is used to regulate enzymatic@

activities. The equilibrium of GSI involves only two states e o® o
kg k3; Ooo OQ
B, = 12 B, (1) e ®oJe
k-3 ®
not active

Whergas the reac't?on pathway of GSllI involves a metastable FIG. 1. Dissociation pathways of GS. Solid line: mammalian GS
state in the transition state (GSlI), dashed line: bacterial G&SI). The activation energg; of

Ky Ky GSl is high, which results in a small&g, whereas thé&, of GSII
Ay = 2 A, = 2nA 2) is lowered owing to a metastable species that is not observed for
k_q k_p GSI. The rate constant of the rate-limiting stepis significant at

room temperature. Note that GSII is a tetradecamer, as shown,
(see Fig. L The rate constark is described with Arrhenius whereas GSl is a dodecamer.
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FIG. 3. Correlation averaged side viel® and top view(b)
show the typical two-layered density and sevenfold symmetry, re-
spectively. Particle alignment and averaging were done by
reference-free, interactive cross correlation, using the algorithms
written for thesPIDER[17] andEMAN [18] softwares. The informa-
tion is significant to~25 A, which was assessed by splitting the
data set in half and computing the Fourier shell correlation coeffi-
cient. (c) Surface rendered representation of the three-dimensional
structure of human GS reconstructed with an imposed sevenfold
symmetry as determined by the two-dimensional electron micros-
copy image(b). (d) Monomer structure of human GS obtained from
homology modeling, using the crystal structure of monomer|[@FI
as template. The GS monomer has no enzymatic activity because
the active sites are between subunits.

the same ring of seven subunits are separated by 45 A. The
overall dimension of human G&SII) is similar to that of
FIG. 2. (a) Unprocessed cryoelectron microscopy images of hu-GSI, which is a dodacomer with two hexamer rings arranged
man GS. Solution containing 1 mg/ml human GS in 5 mM into an oligomer 140 A wide and 100 A hid®].
MgOAc, 1 mM TIOAc, and 25 mM Hepes buffer p+5.8 was put To verify the accuracy of the reconstruction, we used the
on a lacey carbon grid. Images were taken at a magnification osame technique to collect cryoelectron microscopy images
30000 with a defocus between 0.5 and 2.9 and captured with a and determine the structure &almonellaGS (GSI). Pure
charge-coupled devicgCCD) camera at a resolution of 5.3 A per SalmonellaGS exists in a single oligomeric form, as shown
pixel. The exposure times were kept between 1 and 2 seconds ia Fig. 4. A reconstructed three-dimensional model shows
ensure the electron dose was less than 10 electrons peThe GSil is composed of 12 subunits with a sixfold symmetry, in
arrows point to some of the monomers embedded in the ice filmagreement with x-ray crystal structure resy®$ and con-
indicating the heterogeneity in the systeth) Two orientations  firming the validity of our approach.
dominate in the micrograph. The top views indicate a seven fold Gg|| was estimated to be an octamer for over 40 years.

symmetry, and the side views display a double-layered structurerhis confusion arose from ensemble measurements of mo-
Inset: noise-filtered views of single particles from different Euler

angles showing the typical one-layéleft) or two-layer (right)
structure and seven subunits. The gray scale level has been reversed
for reconstruction and display purposes.

2 ul solution was blotted from the back of the film for 3—5
s and plunged into liquid ethanEooled in liquid nitrogen
bath to ensure formation of a thin layer of vitreous ice. The
cooling rate was~ 100000 °C/s. The sample was then
transferred to a Gatan cryotransfer stage and inserted into a
cryospecimen holder maintaining the sample-t80 °C.

Figure Za,b is an unstained cryoelectron microscopy im-
age of human GS embedded in vitreous ice. GSII particles

lly pick in 272 A 272 A win-
were manually picked and boxed in by win FIG. 4. Cryoelectron microscopy image of frozen hydraSed-

dows (51 by 51 pixel$, as shown in inset of Fig.(B). The . o
side projections were rotated and shifted within the WindowmonelIaGS. The sample is homogeneous, as the enzyme exists in a

. . S L ingl table oli ic state. The elect b fi d-
prior to correlation averaginid=ig. 3(a)]. The top projections sing'e, siav’e oligomeric state. 11 electron heam Tacus was a

| d ding to th lation f &:sted to be far underfocused to enhance image cortt@ktwhich
were also averaged according 1o the cross-correlalion TunGeg;yiniz e the number of particles required for reconstruction at this

tion with no imposed symmetry, and the result Shows gegoytion. Inset is the reconstructed three-dimensional model of
seven-fold symmetryFig. 3(b)]. A three-dimensional struc-  Ggj ang the x-ray structure of the GSI monorf@}: The structure
ture, reconstructed using weighted-back-project®a5,16, s reconstructed from two distinct angles, where top view was av-
is shown in Figs. &). The model demonstrates that humaneraged over ten particles, and the side view was from a single
GS is composed of a pair of heptamer rings of diametefmage. The small amount of image data necessary for reconstruc-
140 A and an overall height of 100 A, with a central chan-tion by cryoelectron microscopy is advantageous for studying het-
nel of 40 A diameter. The neighboring active sites within erogeneous systems.
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lecular weight and the often confusing negative stainingorientation that altogether composes a stereospecific site
electron microscopy imagd20,21]. Indeed, interpretations [24]. Through molecular evolution, the number of residues
of analytical ultracentrifugation, gel filtration, and negative required to fix a specific active sites configuration should be
staining electron microscopy studies of oligomeric proteinsminimized, which may be achieved by increasing the number
are often ambiguouf22]. Molecular weight measurements of subunits in an oligomer while decreasing the monomer
for GSIl range from 384 kDa to 525 k[ja0,21,23, and the  molecular weight. This is consistent with the finding that the
oligomeric state was incorrectly chosen to be 8 subunits. Ag;g| g composed of 12 subunitsnolecular weight52

shown in Fig. 1, lowering free energy barrier increases reacs; 12— g4 kDa) while GSII has 14 subunitsnolecular
tion rates, which results in reaching the equilibrium state at eight=42x 14=588 kDa).

faster rate. In the case of GSll, ensemble measurement can-

npt pg completed before significant dissociation occurs, ang)bserved heterogeneity of protein assembly, GSII, and con-
S|gn|f|gant amounts .Of monomék and heptmew; are re- clude that the fast dissociation kinetics of GSlI is responsible
sponsible fpr the vgnety and .redgced values of the GSI mo_or the reduced apparent molecular weights previously ob-
lecular weight. This suggestion is supported by Compam:éerved We have also identified a seven fold symmetry in the
the cryoelectron micrographs of GSI and GSlI, which sho ) i ) )

that the solution of GSI contains almost no monomer, in€lectron density map, and reconstructed a three-dimensional

contrast to the large amount of monomer present in Gsinodel of GSII that shows a 14-subunit arrangement. It has
solution. Taking 14 to be the fully assembled oligomericP&en suggested that GroE chaperonins facilitate GS folding
state, the averaged molecular weight measured by ensemt@d assembly by eliminating misfolded intermediate states
techniques, 400 kDa, corresponds to a composition of 5098nd by controlling the off-pathway kineti¢&5], which ex-
Ays, 30% A,, and 20%A. plains the unexpectedly fast GSIl enzyme dissociation kinet-
Homology modeling of GSII indicates that a tetramerics in vitro. Our results suggest that the data deduced for
would have an open structure, which is less favorable than &SIl based on the assumption of an octameric structure must
closed form[24]. Because GSI and GSlI have 30% sequencéde reanalyzed and reinterpreted. Further investigation of pro-
identity, it is nearly impossible to construct a heterologoustein folding and assembly dynamics and kinetics is necessary
tetramer of GSII without significantly altering the tertiary to understand the complex enzymatic activities of heteroge-
structure of the subunits, which is disfavored since it wouldneous systems such as the one studied here.
very likely result in a higher energy structure. Moreover, We thank David Eisenberg, Gaston Pfluegl, and Tieu
Monod et al. has pointed out that one major reason for anPhung for helpful discussions and for providing GS samples.
oligomeric enzyme to be large compared to the stereospecifithis research was supported by NIH Grant No.
active site is that this allows residues to be fixed in a precise RO3AG15626-01.

Using single-particle imaging and reconstruction, we have
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