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ABSTRACT: The activated ternary complex, enzyme-C02-Mg(II), of the dimeric ribulose- 1,5-bisphosphate 
carboxylase/oxygenase from Rhodospirillum rubrum can be prepared in the same crystal form that was 
used for the crystallographic structure determination of the native nonactivated enzyme [Schneider, G., 
Branden, C.-I., & Lorimer, G. (1986) J .  Mol. Biol. 187, 141-143). The three-dimensional structure of 
the activated enzyme has been determined to a nominal resolution of 2.3 A by protein crystallographic 
methods. The activator C 0 2  forms a carbamate with Lysl91, located a t  the bottom of the funnel-shaped 
active site. In both subunits, this labile adduct is stabilized by a Mg(I1) ion, bound to the carbamate and 
the side chains of Asp193 and Glu194. One solvent molecule was found within the first coordination sphere 
of the metal ion. The metal-binding site in ribulose-1,5-bisphosphate carboxylase consists thus of a t  least 
three protein ligands, all located on loop 2 of the /3/a barrel. One additional metal ligand, the side chain 
of the conserved Asnl 1 1, was observed close to the Mg(I1) ion in the B-subunit. Other structural differences 
a t  the active site between the activated and nonactivated enzyme are limited to side-chain positions. 
Nevertheless, it is obvious that the hydrogen-bonding pattern in the vicinity of the activator site is completely 
altered. 

G r e e n  plants use most of the chemical energy trapped by 
the light reaction of photosynthesis to drive the fixation of 
carbon dioxide. This process takes place in the stroma of 
chloroplasts through an ingenious cycle of reactions generally 
referred to as the Calvin cycle. It is the only known way by 
which carbon dioxide can be brought into the biosphere in 
significant amounts. In the initial reaction of the Calvin cycle, 
one molecule of C 0 2  is added to ribulose-l,5-bisphosphate to 
yield two molecules of 3-phosphoglycerate through the action 
of ribulose- 1,5-bisphosphate carboxylasefoxygenase (EC 
4.1.1.39, RuBP-carboxylase).' This results in the net fixation 
of one carbon that can be used in anabolic processes. However, 
in a competing reaction the same enzyme also catalyzes an 
oxygenase reaction where, after the addition of an O2 molecule, 
ribulose- 1,5-bisphosphate splits into one molecule of phos- 
phoglycerate and one of phosphoglycolate. The latter molecule 
is shunted into the glycolate pathway. The only apparent 
function of the glycolate pathway is to salvage as much as 
possible of the energy otherwise lost through the oxygenase 
reaction. I t  has been shown that this process, called photo- 
respiration, is a major limitation to crop production (Hardy 
et al., 1978). A deeper understanding of photorespiration, with 
the eventual aim of minimizing its effect, is thus desirable. 

Two forms of RuBP-carboxylase are found. In higher 
plants, algae, and most other photosynthetic organisms, the 
enzyme is a complex molecule consisting of eight large and 
eight small subunits, forming an L8S8 complex. In the pho- 
tosynthetic bacterium Rhodospirillum rubrum, the enzyme 
is a dimer of large subunits, L2 [for a recent review see An- 
drews and Lorimer ( 1  987)]. The three-dimensional structures 
of the L2 form (Schneider et al., 1986b, 1990a) and two 
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L&-type RuBP-carboxylases, from spinach (Anderson et al., 
1989; Knight et al., 1989) and tobacco (Chapman et al., 1987, 
1988), have been determined. The L-subunit, which carries 
the catalytic function, is very similar in structure despite the 
low overall homology between the L2 and the L&-type 
RuBP-carboxylases (approximately 25%). Two domains make 
up the large subunit. The active site is located at the carboxy 
end of the Pfa barrel of the C-terminal domain (Schneider 
et al., 1986b). Residues from the N-terminal domain of the 
second subunit complete the active site, which is built up from 
two subunits. Consequently, the L2 unit is the minimal 
functional building block of the enzyme, with two active sites 
at the interface between subunits (Schneider et al., 1986b; 
Larimer et al., 1987). 

Activation by the formation of a ternary enzyme-C02- 
Mg(I1) complex (Figure 1) is common to all RuBP- 
carboxylases irrespective of their origins and composition 
(Andrews & Lorimer, 1987). The site of activation is the 
e-amino group of Lysl91, which slowly reacts with a molecule 
of C 0 2  to form a carbamate (Lorimer & Miziorko, 1980; 
Lorimer, 1981). The activating C 0 2  is distinct from the 
substrate C 0 2  molecule. Rapid binding of a divalent metal 
ion stabilizes the labile carbamate to form the active ternary 
complex (Lorimer, 1979). 

An increasing number of experiments shows that the metal 
ion is essential for the catalytic reaction. The R .  rubrum 
enzyme shows catalytic activity with a number of divalent 
metal ions: Mg(II), Mn(II), Fe(II), Co(II), or Cu(I1) 
(Christeller, 1981; Robison et al., 1979; Branden et al., 1984; 
Pierce & Reddy, 1986). With Co(I1) only the oxygenase 
reaction is observed (Robinson et al., 1979; Christeller, 1981). 
The importance of Lysl91 for catalytic activity has been 

I RuBP-carboxylase, ribulose- 1,5-bisphosphate carboxylase/oxyge- 
nase; 2-CABP, 2-carboxyarabinitol- 1,5-bisphosphate; MPD, 2-methyl- 
2,4-pentanediol; TNBS, trinitrobenzenesulfonate; Fo, observed structure 
factor amplitude; Fc, calculated structure factor amplitude. 
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FIGURE 1: Activation of RuBP-carboxylase. 

verified by site-directed mutagenesis. The replacement of this 
side chain by a glutamic acid side chain (Estelle et al., 1985) 
resulted in an enzyme devoid of oxygenase and carboxylase 
activity. On the basis of model-building experiments using 
the atomic model of RuBP-carboxylase from R. rubrum 
(Schneider et al., 1986b, 1990a), two conserved acidic side 
chains, Asp1 93 and Glu 194 were implicated to be part of the 
metal-binding site. Subsequent site-directed mutagenesis of 
these two residues (Lorimer et al., 1987) revealed that none 
of the mutants sustained catalysis. The proposed role of the 
metal in polarizing the carbonyl group at  C-2 of the substrate 
and thereby facilitating the enolization reaction (Andrews & 
Lorimer, 1987) is supported by the fact that none of these 
mutants shows exchange of the C-3 hydrogen of the substrate 
with bulk solvent. The proper metal coordination thus seems 
to be a necessary requirement for the enolization of the sub- 
strate, ribulose-I ,5-bisphosphate. Even with the modest change 
from an aspartic acid side chain to the corresponding amide, 
enolization is abolished. Direct interaction between the metal 
and the reaction intermediate analogue 2-CABP has been 
shown both by I3C nuclear magnetic resonance (Pierce & 
Reddy, 1986) and crystallographic studies (Anderson et al., 
1989). Thus, a complete description of the environment 
around the metal, during different stages of catalysis, is crucial 
to our understanding of this enzyme and its mechanism of 
action. In the following we describe the results of the crystal 
structure analysis of activated RuBP-carboxylase from R. 
rubrum at 2.3-A resolution. 

MATERIALS AND METHODS 
Recombinant RuBP-carboxylase from R. rubrum (Som- 

merville & Sommerville, 1984; Pierce & Gutteridge, 1985) 
with an additional 24 amino acids from @-galactosidase at the 
N-terminus (Nargang et al., 1984) was crystallized under 
nonactivating conditions as described in Schneider et al. 
( 1  986a). The crystals are monoclinic, PZ,, with cell dimensions 
a = 6 5 . 5 A , b = 7 0 . 6 A , c =  104.1A,andP=92.lo.  Crystals 
were obtained by dialyzing the enzyme solution against 2- 
(Nmorpho1ino)ethanesulfonic acid buffer at pH 5.6, the 
isoelectric point of the enzyme. In order to raise the pH to 
a value more favorable for carbamate formation, crystals were 
gradually transferred to a solution containing 50% 2- 
methyl-2,4-pentanediol (MPD) by increasing the MPD con- 
centration stepwise by 5% at 4 ‘C. After the MPD additions, 
the crystals were dialyzed against a buffer solution of pH 8.1, 
containing 50 mM MgCI, and 25 mM NaHCO, for 1 day. 

Diffraction data to a resolution of 2.3 8, were collected on 
a Nicolet Xentronics area detector (Durbin et al., 1986) using 
the software described by Blum et al. (1987). Data handling 
and data processing were done with the program PROTEIN 
(Steigemann, 1974). Data collection statistics are given in 
Table I and Figure 2. Electron density maps with coefficients 
IFoI - lFcl and 21F01 - lFcl were computed. The phase angles 
used initially were derived from a model of the native deac- 
tivated protein, which had a crystallographic R-factor [R = 
(ZIF,  - FcJ/ZIFoI) X 1001 of 18.0% at 1.7-A resolution 

Table I: Data Collection Statistics’ 
no. of 

measure- 
ments no. unique R-mergeb % of total 

crystal 1 32313 24 009 4.32 56.1 
crystal 2 58 785 30  65 1 5.34 69.5 
total 91 098 38 794 6.06 87.9 

a Intensity data of the ternary complex of RuBP-carboxylase with 
Mg(I1) and activator C 0 2  were collected to 2.3-A resolution. bR-  
merge = [C”’C”(I - ( I ) ) /CNn(I) ]  X 100, where N is the number of 
unique measurements, n is the number of multiple measurements of a 
particular reflection, I is the measured intensity, and ( I )  is the mean 
intensity of a reflection. 

m 
c m 
‘0 

4.96 3.93 3 .44  3.12 2.90 2.73 2.59 2.48 2.38 2 . 3  

reso lu t ion  ranges  (A) 
FIGURE 2: Completeness of the measured intensity data as  a function 
of the resolution. 

(Schneider et al., 1990a). An Evans and Sutherland PS330 
running FRODO (Jones, 1978, 1982) was used to inspect the 
model and manually correct errors. 

The initial model was refined by simulated annealing using 
the program XPLOR (Briinger et al., 1987). A molecular dy- 
namic simulation was run for 0.75 ps at 2000 K with a time 
step of 0.5 fs. The temperature was raised to 4000 K, and the 
structure was subsequently slowly cooled to 300 K by using 
a 25 K temperature drop every 50 dynamics steps of 0.5 fs. 
Subsequent energy minimization and refinement of atomic 
temperature factors gave an R-value of 16.9% for all reflections 
between 10 and 2.5 A. Final refinement, to 2.3-A resolution, 
was achieved by using least-squares methods with the FFT 
version of PROLSQ (Konnert & Hendrickson, 1980) contained 
in the CCP4 program package (Daresbury, England). After 
50 cycles of refinement, the final model had an R-factor of 
19.3% for all reflections between 5.5 and 2.3 A. The higher 
R-value obtained after the PROLSQ refinement is partly due 
to the fact that the refinement with XPLOR minimized the 
R-factor at  the expense of reasonable stereochemistry. The 
final model has good stereochemistry as indicated by the 
root-mean-square deviation for bond lengths of 0.013 A and 
for bond angles of 2.1’. Superposition of the two subunits of 
the R. rubrum enzyme and the L-subunits of the spinach 
RuBP-carboxylase was done by least-squares methods using 
the program o (Jones et al., 1990). 

RESULTS 
The model of the activated RuBP-carboxylase, E-CO,- 

Mg(II), has been refined to a nominal resolution of 2.3 A, 
resulting in a final model with a crystallographic R-value of 
19.3% for all reflections between 5.5 and 2.3 A. Initial phases 
were derived from the structure of the nonactivated enzyme, 
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FIGURE 3: Parts of the final IFoI - lFcl electron density map of the activated ternary complex of RuBP-carboxylase from R. rubrum. The activator 
site and its immediate surroundings are shown. The coordinates for the refined model of the ternary complex are superimposed. The contributions 
of the carbamylated side chain of Lysl91, the Mg(I1) ion, and the water molecule were not included in the structure factor calculation. The 
contour level is at 2.5 times the standard deviation of the electron density map. 

refined to 1.7 A, with which the new model had most atomic 
positions in common. The two subunits of the L2 dimer are 
crystallographically independent and the structure determi- 
nation therefore gives independent results for both subunits.2 
In the following, the results we describe are valid for both 
subunits unless otherwise stated. 

The low pH at which the R.  rubrum enzyme was crystal- 
lized effectively prevented any carbamylation of Lysl91 
(Schneider et al., 1986a). Fortunately, the increased solubility 
of the enzyme associated with higher pH can be compensated 
for by the addition of a precipitant to prevent the crystals from 
dissolving. In the presence of 50% MPD, the crystals still 
diffract under conditions that in solution would guarantee a 
high degree of activation (pH 8.1, 50 mM MgClz and 25 mM 
NaHCOJ. This method of stabilizing crystals has earlier been 
used to study inhibitor binding to the deactivated form of the 
enzyme (Lundqvist & Schneider, 1989). It was shown that 
MPD neither binds to the active site nor interferes with in- 
hibitor binding. 

A simple trapping experiment, based on the method de- 
scribed by Badger and Lorimer (1981) was performed to 
qualitatively verify the presence of carbamate in the crystals 
(unpublished results). The experiment showed that the car- 
bamate is formed in more than 60% of the protomers in the 
crystals. This estimate of the extent of carbamylation at 
Lysl91 is probably too low, since trapping of this species is 
dependent on the speed with which the crystals dissolve and 
the complex with the inhibitor 2-CABP is formed. Another 
way to estimate the occupancy at  the metal-binding site is by 
analysis of the refined temperature factors for the carbamate 
and Mg(I1) ion. The temperature factors for these atoms are 
in the same range (approximately 25-34 AZ) as the values of 
the surrounding amino acid side chains (Lysl91, Asp193, and 
Glu194). From this, we can conclude that the occupancy of 
the carbamate and Mg2+ at  the activator site of the enzyme 
is high and similar in both subunits. 

An electron density map calculated with the coefficients lFol 
- IF,I revealed differences in electron density at the side chain 
of Lysl9 I ,  the site of activatiori, and neighboring side chains. 
Figure 3 shows the electron density for the carbamylated lysine 
side chain and the Mg(T1) ion after model building and 
crystallographic refinement. At the position of Lysl91 in the 
native structure, there is continous electron density corre- 
sponding to the carbamylated lysine moiety. 

Close to the carbamate oxygens there is electron density that 
we interpret as the magnesium ion bound to the carbamate. 
Since the number of electrons in a magnesium ion and a water 

The two subunits have been labeled A and B, respectively. These 
labels refer to the chain identifiers that have been used in the atomic 
coordinate file, deposited with the Brookhaven Protein Data Bank. 

Table 11: Metal-Binding Site in RuBP-Carboxvlase" 
OF1 Lysl91 (carbamylated) 

OD1 Asp193 
OEl Glu194 

ND2 or OD1 Asnl l  l b  
solvent 

'Atoms closer than 3.5 A to the Mg(I1) ion in the model are in- 
cluded. observed in the B-subunit. 

molecule is very similar, these atoms cannot be distinguished 
crystallographically at the present resolution. The interpre- 
tation of this difference electron density as the bound Mg(I1) 
is based on the following evidence. The Mg(I1) ion is coor- 
dinated to the carboxyl groups of residues Asp193 and Glu194 
and the carbamate. These are the same three enzyme ligands 
that are observed close to the metal ion in the spinach qua- 
ternary complex (Andersson et al., 1989). Superposition of 
the two structures places the metal ions close to each other 
(distance approximately 1.6 A). Further evidence for the 
assignment of this electron density to Mg(I1) is the flip of the 
Glu194 side chain, which in the nonactivated state interacts 
with Asnl l l ,  Lys168, and Asnll2 while in the activated form 
it is positioned close to the Mg(I1) ion as well as Lys168 and 
away from Asnl 1 1 and Asnll2 of the N-terminal domain of 
the second subunit, The position of the Mg(I1) ion is also very 
close to the binding site of heavy-metal derivatives such as 
Sm(II1) or Gd(III), used in the structure determination of the 
native enzyme (Schneider et al., 1986b). Gd(II1) has been 
shown to be able to form a stable quaternary complex with 
the spinach enzyme (Andrews & Lorimer, 1987). 

One major difference in the metal-binding site between the 
two subunits is observed. While the Mg(I1) ion in subunit A 
is coordinated to the protein ligands Asp193 and Glu194 and 
the carbamate, an additional protein side chain is found in the 
B-subunit within the first coordination sphere of the metal ion. 
The side chain of the conserved Asnl 1 1 is close to the Mg(I1) 
ion. The difference in the metal coordination between the two 
subunits is probably due to the different conformation of the 
loop involving residues 109-1 15, connecting helix a C  and 
strand @E of the N-terminal domain (Schneider et al., 1990a). 
In the A-subunit, the Asn side chain points away from the 
metal ion and interacts with the side chain of Lys168 and the 
main-chain oxygen of Thrl06. But since the carbamate is 
formed and the metal ion is bound in the A-subunit as well, 
the Asn side chain does not seem to be important for the 
formation of the ternary complex. In the quaternary complex 
of the spinach enzyme with the reaction intermediate analogue 
2-CABP (Andersson et al., 1989), this side chain interacts with 
the 0 4  oxygen of the inhibitor and is not liganded to the 
Mg(I1) ion. Site-directed mutagenesis might help to define 
the role of this conserved residue in activation and catalysis. 
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FIGURE 4: Schematic diagrams of the activator site in RuBP- 
carboxylase from R.  rubrum. Possible hydrogen bonds are indicated 
by the dashed lines. Upper panel, nonactivated enzyme; lower panel, 
activated enzyme. 

Electron density maps show one well-ordered water molecule 
coordinated to the metal and within hydrogen bonding distance 
to Lys166 (Figure 3).  In Table I1 we list the residues found 
in the vicinity of the metal in our model. Figure 4 gives a more 
schematic view of the activator site and the hydrogen-bonding 
pattern in its immediate proximity in both activated and no- 
nactivated RuBP-carboxylase. In none of the subunits do we 
observe octahedral coordination geometry around the Mg(I1) 
ion. However, at the limited resolution of the electron density 
maps, it is not possible to exclude that one of the protein side 
chains might coordinate with both oxygen atoms to the metal. 
Furthermore, additional solvent molecules within the first 
coordination sphere of Mg(I1) might not be ordered enough 
to be seen in  our electron density maps. 

DISCUSSION 
A conformational change upon activation of the enzyme has 

been invoked to explain differences observed between the two 
states of the enzyme in a number of experiments [for a sum- 
mary see Andrews and Lorimer (1987)l. We cannot rule out 
that a conformational change has been prevented by crystal 
lattice forces. However, we have shown here that a carbamate 
can be formed and stabilized in the crystals without the oc- 
currence of a large structural change. Furthermore, it is worth 
noticing the close similarity of the R.  rubrum and the spinach 
carboxylase structures, even though they represent two very 

Table Ill: Solvent Accessibilities at the Active-Site Lysine Residues" 
residue no. solvent accessibility (A2) 

166A 31.6 
166B 20.7 
168A 1.8 
168B 2.9 

'Solvent accessibilities were calculated with an algorithm described 
by Lee and Richards (1971). 

different forms of the enzyme. A comparison of the crystal 
structures of the nonactivated enzyme from R.  rubrum and 
the spinach enzyme, crystallized in the activated form, failed 
to detect any large conformational changes as the result of 
activation (Schneider et al., 1990b). The assumption that the 
activation does not induce any major conformational changes 
is further supported by neutron scattering experiments 
(Donnely et al., 1984), which did not reveal any structural 
differences upon carbamylation. 

The ternary complex enzyme-C0,-Mg(I1) has been in- 
vestigated by electron paramagnetic resonance (EPR) spec- 
troscopy with Co(I1) (Nilsson et al., 1984) and Cu(I1) (Styring 
& Branden, 1985). Spectra of the Co(I1)-activated enzyme 
indicate that the coordination geometry of the metal ion is not 
greatly perturbed upon binding to the active site. EPR spectra 
of the enzyme-bound Cu(I1) display a nitrogen hyperfine 
structure, and it has thus been suggested that at least one 
nitrogen atom is liganded to the Cu(I1) ion. The crystallo- 
graphic analysis has shown that, in fact, one nitrogen-con- 
taining amino acid side chain, Asnl 1 1, is close to the metal 
ion in the ternary complex. Crystallographically, we cannot 
at the present resolution of the electron density maps distin- 
guish whether the oxygen or the nitrogen is coordinated to the 
Mg(I1) ion. Furthermore, the side chain of His287 is close 
to the metal-binding site (approximately 4.5 A). It is con- 
ceivable that in the complex with Cu(II), which has a higher 
preference for nitrogen ligands, this side chain might move 
into coordination distance, thus increasing the number of 
possible nitrogen ligands. 

Trinitrobenzenesulfonate (TNBS), a group-selective reagent 
that is specific for reactions with unprotonated amines, has 
been used to probe the active site of RuBP-carboxylase 
(Hartman et al., 1985). In the case of the carbamylated 
enzyme from R.  rubrum, Lys166 is the major target of ary- 
lation by TNBS, while in the noncarbamylated form there are 
several additional sites. The specificity of this reagent toward 
Lys166 in the activated R. rubrum enzyme allowed the pKa 
values of this residue to be determined, and the observed pKa 
(7.9) of Lys166 is very low. This low pKa of Lys166 can be 
explained by its proximity to the side chain of Lys168 and to 
the metal ion in the activated form of the enzyme. However, 
Lys168 is almost equally close to the metal and there is no 
obvious reason why Lys168 should not have similar properties 
to Lys166, such as low pK, and increased nucleophilicity. An 
accessible surface calculation shows that this residue is com- 
pletely buried in the ternary complex (Table H I ) ,  and a la- 
beling reagent has no access to this residue. Steric hindrance 
thus might mask an increased reactivity for the Lys168 side 
chain. 

The metal ion in RuBP-carboxylase has been implicated to 
be essential for proper orientation of the substrate (Lundqvist 
& Schneider, 1989) and polarization of the carbon-oxygen 
bond at  C2 (Andrews & Lorimer, 1987). Carbamylation of 
Lysl91 completely changes the microenvironment of the active 
site by replacing a positive charge with the negatively charged 
carbamate. This chemical modification in fact completes the 
metal-binding site. An understanding of the molecular 
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mechanism of activation, however, does not provide us with 
an answer to why the enzyme utilizes a carbamate for the 
activation process. In other words: why is RuBP-carboxylase 
not permanently activated? The dual role of C02 ,  both as 
substrate and activator, might be involved in regulating the 
activity in vivo (Andrews & Lorimer, 1987). An interesting 
observation is that a functional metal-binding site can be built 
up by using only residues from @strand and loop 2 of the @/a 
barrel. The usage of only one loop to provide the necessary 
ligands to the metal could give the advantage of a metal- 
binding site with high structural integrity, allowing the rest 
of the structure and bound intermediates to undergo structural 
changes without disrupting the metal binding. By retaining 
the same C a  positions of the loop, no other naturally occurring 
amino acid could play the structural role of the carbamate. 
They would either be too short or provide the wrong charge. 
Furthermore, there still remains the possibility that the car- 
bamate may play a more active role during catalysis, C 0 2  thus 
not only being a substrate but also acting as its own cofactor. 
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