
cells to be observed simultaneously. The 
ability to distinguish each of the luciferases 
in a mixture, however, is limited by the 
width of their emissions spectra. From cal- 
culations based solely on the overlap of the 
spectra of the green- and orange-emitting 
luciferases, one luciferase in a mixture 
should be detectable in the presence of a 25- 
fold excess of the other. 
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Reexamination of the Three-Dimensional Structure of 
the Small Subunit of RuBisCo from Higher Plants 

The structure of LsSs RuBisCo (where L is the large subunit and S is the small 
subunit) from spinach has been determined to a resolution of 2.8 ingstrom by using 
fourfold averaging of an isomorphous electron density map based on three heavy-atom 
derivatives. The structure of the S subunit is different from that previously reported for 
the tobacco S subunit in spite of 75 percent sequence identity. The elements of 
secondary structure, four antiparallel 6 strands and two a helices, are the same, but the 
topology and direction of the polypeptide chain through these elements differ 
completely. One of these models is clearly wrong. The spinach model has hydrophobic 
residues in the core between the a helices and sheet as well as consewed residues in 
the subunit interactions. The deletion of residues 49 to 62 that is present in the 
Anabaena sequence removes a loop region in the spinach model. The positions of three 
mercury atoms in the heavy-atom derivatives agree with the assignment of side chains 
in the spinach structure. 

C HAPMAN et al. (1) HAVE RECENTLY 

described the tertiary structure of 
plant RuBisCo, the key enzyme (2) 

in the Calvin cycle of carbon dioxide fixation 
in photosynthesis. Their model is based on 
an electron density map to 2.6 A of the L8S8 . - 
molecule from tobacco. We have deter- 
mined the structure of L8S8 RuBisCo from 
spinach to 2.8 A resolution and find very 
significant differences in the structure of the 
S subunit compared with the reported to- 
bacco structure. Since there is 75% identity 
between the amino acid sequences of these 
two polypeptide chains, they are expected to 
have similar tertiary structures. 

Crvstals of s~inach RuBisCo that diffract 
to I.? A resoGtion were grown from soh-  - 
tions of the activated form of the enzyme 
with a bound transition-state analogue (3). 
These crystals contain one-half the L8S8 
molecule in the asymmetric unit. There is a 
local noncrystallographic fourfold axis 
through the molecule, which has approxi- 
mate 422 symmetry. X-ray data were collect- 
ed on the synchrotron radiation source in 
Daresbury, United Kingdom, for the native 
enzyme and three heavy-atom derivatives. 
An initial electron density map was calculat- 
ed with the use of isomor~hous ~ h a s e  an- 
gles. These were refined by real-space aver- 
aging (4) around the local fourfold axis. 
Data collection procedures and phasing sta- 
tistics have been brieflv described (5 ) .  

based on three heaw-atom derivatives. Al- 
most all of the side chains could easily be 
identified from the known sequences of the 
spinach S and L chains (6, 7j, which com- 
prise 123 and 475 residues, respectively. 
The sequence of the S subunit, which was 
determined by amino acid analysis (6), con- 
tains only one Cys residue, Cps 112. How- 
ever, two independent determinations of the 
amino acid content of the spinach small 
subunit (8) made in different laboratories 
have shown that there are three Cys residues 
per subunit. Furthermore, almost all of the 
small subunits from higher plant RuBisCo 
for which the sequences are known contain 
three Cys residues at positions 41, 77, and 
112. We therefore conclude that in all mob- 
ability the spinach small subunit also con- 
tains Cys residues at these three positions. 
Our electron density map also strongly sup- 
ports Cys side chains at these positions; the 
side-chain electron densities are appropriate 
for Cys (Fig. 1 b). 

We first built the L chain (5) using the 
known structure of L2 RuBisCo from Rho- 
dospivillum vuhvum (9). We found, in agree- 
ment with the work on the tobacco enzyme 
(1, lo), that higher plant L chains have a 
structure that is auite similar to that of the 
bacterial enzyme (9) except at the carboxyl 
terminal. The arrangement of the L subunits 
in the spinach enzyme into four L2 dimers 

~, 
The final electron density map was of very 

good quality, as would be expected by four- Swedish University of Agricultural Sciences, Up sala 
Biomedical Center, Department of Molecular Biokgy, 

fold averaging of an electron density map $751 24 Uppsala, Sweden. 
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around the fourfold axis is also similar to 
that of the tobacco enzyme. A detailed 
description of the active site, which is con- 
tained within the L subunit, has been pub- 
lished (5). 

The electron density corresponding to the 
S subunit was of equally good quality. There 
is an unusually high proportion of aromatic 
residues in the S subunit with nine Tyr, 
eight Phe, and four Trp residues among the 
123 residues of the polypeptide chain. 
These, together with the three Met residues, 
~rovided-excellent markers in the electron 
density map along the continuous density 
for the polypeptide main chain. Repre- 
sentative examples of the electron density 
with superimposed skeleton models are giv- 
en in Fig. 1. We had no dificulties in 
unambiguously tracing the polypeptide 
chain and positioning the side chains in 
appropriate electron density with the 
BONES option of FRODO (11) on a 
PS390 computer graphics workstation (co- 
ordinates to be submitted to the Brookha- 
ven Data Bank). 

The core of the S-subunit structure is a 
four-stranded antiparallel @ sheet of topolo- 
gy (+ 1, -2x, - 1) with two a helices on 
one side of the sheet (Fig. 2). The amino- 
terminal residues form an arm separated 
from the rest of the subunit structure that 
extends to a neighboring S subunit and form 
the only packing contacts between S sub- 
units (Fig. 3). Between @ strands 1 and 2, a 
long loop comprising residues 45 to 66 
projects out from the core of the subunit 
and approaches the molecular fourfold axis. 
This loop is wedged between two L sub- 
units and forms extensive interactions with 
these. Following the loop there is a @-a-@ 
motif where the two @ strands are separated 
by one strand within the @ sheet. The two ci 
helices pack against the antiparallel @ sheet 
forming a hydrophobic core that comprises 
residues Leu 26, Val 30, Pro 40, Leu 42, 
Met 74, Val 83, Val 87, Val 99, Phe 101, 
Phe 115, and Ala 117. These residues are all 
invariant or conservatively substituted in all 
known sequences of the RuBisCo small 
subunit. 

The model of the S subunit described bv 
Chapman et a l .  (1) also contains a core of 
four antiparallel @ strands [figure 2A in ( I )  
and Fig. 4b]. The positions of these @ 
strands in relation to the L subunits agree in 
the two structures [compare figure 1B in (1) 
and Fig. 51. Similarly, the positions of two 
of the three a helices in the tobacco model 
agree with our spinach model. However, the 
topology and direction of the polypeptide 
chain through these elements of secondary 
structure differ completely (Fig. 4). The 
connections agree at one end of the @ 
strands in the topology diagram, but they 

are quite different at the other end. Further- electron density map according to Chapman 
more, the NH2- and COOH-termini are at et a l .  (1). As a consequence of these different 
quite different positions in the two models. connections, the direction of the polppep- 
Most of these regions, residues 1 to 6, 38 to tide chain is different through both the @ 
42, and 114 to 123 in the tobacco model strands and the a helices. All of the amino 
(Fig. 4B) have poor density in the tobacco acid side chains are therefore located in 

Fig. 1. Examples of electron densities with superimposed skeleton models within the spinach RuBisCo 
small subunit (14). (a) Residues W 67, T 68, M 69, W 70, K 71, L 72, and P 73. (b) Residues P 40, C 
41, L 42, E 43, and F 44 (C 41 is given as Pro in the published sequence; see test). 

Fig. 2. Stereodiagram of a computer-generated (13) schematic ribbon diagram of the S subunit of 
spinach RuRisCo. 
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Fig. 3. Stereodiagram of the four S subunits at one 

Fig. 5. Stereodiagram of one L (thin lines) and one 
The view is the same as in figure 2B of (1).  

different positions in these two models, al- 
though they contain essentially the same 
elements of secondary structure. 

As a further check of our model of  the 

end of the spinach L8SR RuBisCo molecule. 

Fig. 4. Comparison of topology diagrams of (a) 
the spinach model and (b) the tobacco model (1) 
of the small subunit of RuBisCo. Arrows denote 
p strands and cylinders a helices. Numbers refer 
to residue numbers in the amino acid sequence. 

S subunit (thick lines) of L8Ss spinach RuBisCo 

RuBisCo small subunit structure, we have 
examined the subunit interactions, the posi- 
tions of bound H g  atoms from our heavy- 
atom derivatives in relation t o  the side 

chains, and possible structural effects of the 
deletion of residues 51  to 6 2  in RuBisCo 
from Anaharna (Fig. 6) .  The gross arrange- 
ment of the subunits in the LsSs spinach 
structure is the same as in the tobacco 
molecule (1, 10). Each S subunit is wedged 
between two L subunits and forms extensive 
interactions with these. In addition, it inter- 
acts with nil0 neighboring S subunits (Fig. 
3) as well as with the N domain of a third L 
subunit. 

Residues of the S subunit that participate 
in these interactions in our model are mainly 
from regions of the sequence that are con- 
sen~ed in all higher plants (Fig. 6) .  There are 
five regions in-the sequence that contain at 
least three consecutive consenled residues 
(Fig. 6 ) ;  3 to 5, 10 to  19, 49  to 54, 6 1  to  
79. and 101 to 117. Residues in these 
regions form the majority of the subunit 
interactions. Residues 3 to 5 interact with 
residues 6 8  to 72 of a neighboring S subunit 
and form the major S-S contacts. Residues 
13  to 19, 53, and 5 7  to 65  form the major 
interaction area with one of the L subunits, 
whereas residues 6 1  to 72 and 101 to 11 1 
interact with the second L subunit. Almost 
all of the 45  residues from the L chain that 
participate in these interactions are con- 
senled in all higher plants, and many are also 
conserved in LsSs RuBisCo from lower 
photosynthetic organisms. Examples of 
these strictly consenred interactions are Thr 
14s-Arg 167L, Tyr 17S-Arg 421L, Glu 
43S-Arg 187L, and Tyr 66S-Phe 220L. 

Residues 5 1 to 62  are deleted in the small 
subunit of RuBisCo from the cyanobacter- 
ium Anobaeno (Fig. 6) .  In our model this 
region corresponds to  the extensive loop 
that projects toward the fourfold axis (Fig. 
4) .  This loop can be deleted without disrup- 
tion of the core of the subunit structure 
(Figs. 2 and 4). However, it is involved in 
the spinach structure in interactions with 
nvo L subunits. and a deletion would re- 
move these interactions. Consequently, 
there would be n o  constraints in Anahaena to 
conserve residues from the L subunit that 
are involved in these interactions in Ru- 
BisCo from other sources. Two examples of 
such interactions are hydrogen bonds be- 
meen the side chains of His 5 5 s  and Tyr 
226L and from the side chain of Arg 5 3 s  to  
the main chain 0 of Gly 261L. In all higher 
plants these residues are conserved, but they 
have mutated to  Thr226L and Lys 261L in 
Anahaena. If these mutated residues would 
occur in RuBisCo molecules with a con- 
served loop region, the hydrogen bonds 
could not be formed and. in addition, the 
subunit packing arrangement would be se- 
verely distorted. 

~ e a v y - a t o m  positions that are used to 
obtain isomorphous phase angles are located 
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1 11 
a M O V h G 4 P P L G L K  K F E T L S Y L P P  
b .  V V J P . .  . . K  K . E T L 8 Y . P .  
" M & T L P - - K E R  R Y E T L S Y L P P  

21 3 1  
a L T T E O L L A E V  N Y L L V K G W I  P  
b  . . . . .  L  . . . .  . Y L  . . . .  W . P  
C L T 3 V O I  E K O V  O Y I  L S O G Y I  P  

41  51 
a P L E F E V K 3 G F  V Y R E H D K S P G  
b C . E F . .  . . G F  V . R E . .  . S P .  
c A V C P N E V S I F  - - - - - - - - - -  

61 71 
s Y Y D G R Y \ ' d T M \ ' d  K L P M F G G T D P  
b  Y Y D G R Y W T M W  K L P M F G C T D .  
c - - T E L Y \ ' d T L \ ' d  K L P L F G A K T S  

81 9 1  
a A O V V N E V E E V  K K A P P D A F V R  
b . O V . . E . . E .  . . Y P . .  . . R  
c R E V L A E V O S C  k S O Y P G H Y 1  R  

101 111 
s f 1  G F N D K R E V  O C I  S F 1  A Y K P  
b .  1  G F D N .  R D V  3 C . .  F I  A , .  P  
c V V G F D N l  K O C  O I  L S F I  V H K P  

121 
s A G Y  
b . .  . 
c S  R Y  

Fig. 6. Amino acid sequences of the small subunit 
of RuBisCo molecules. (a) Sequence of spinach S 
subunit (6). (b) Invariant residues in S subunits 
from other higher plants. [Data taken from the 
NBRF Protein Data Bank.] Residues that vary are 
indicated by dots. (c) Amino acid sequence of the 
S subunit from Anabaena RuBisCo (12). Residues 
6, 7, and 51 to 62 are deleted. 

without any prior knowledge of the protein 
structure, and therefore they provide inde- 
pendent evidence for a correct chain tracing 
if chemically proper side chains are found in 
the binding sites: Mercury compounds usu- 
ally bind to accessible Cys residues. The Hg  
complexes that we used in spinach Ru- 
B~SCO, ethyl mercury thiosaficylate and 
K2Hg(CN)4, bind to seven different sites, 
four in the L chain and three in the S chain. 
All four Hg  binding sites in the L chain 
contain Cys residues; Hgl binds to Cys 84L 
and His 86L, Hg2 to Cys 172L as well as 
Cys 192L, Hg3 to Cys 427L and Met 387L, 
and Hg4 to Cys 459L. In the S chain we 
find that one Hg  binds to Cys 112 as well as 
to the N atom of Trp 38. The other two H g  
binding sites are adjacent to residues 41 and 
77. Granted that these are Cys residues, the 
three different Hg  atoms ii the S subunit 
bind to the three Cys residues providing 
independent support for our chain tracing. 
Corresponding residues in the tobacco chain 
tracing are in quite different regions of the 
molecule (Fig. 4) and do not agree with our 
observed Hg  positions. 
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Receptor-Mediated Drug Delivery to 
Macrophages in Chemotherapy of Leishmaniasis 

Methotrexate coupled to maleylated bovine serum albumin was taken up efficiently 
through the ccscavengeryy receptors present on macrophages and led to selective killing 
of intracellular Leishmania mexicana amazonensis amastigotes in cultured hamster 
peritoneal macrophages. The drug conjugate was nearly 100 times as effective as free 
methotrexate in eliminating the intracellular parasites. Furthermore, in a model of 
experimental cutaneous leishmaniasis in hamsters, the drug conjugate brought about 
more than 90% reduction in the size of footpad lesions within 11 days. In contrast, the 
free drug at a similar concentration did not significantly affect lesion size. These studies 
demonstrate the potential of receptor-mediated drug delivery in the therapy of 
macrophage-associated diseases. 

L EISHMANIASIS, A PARASITIC DIS- 

ease, is estimated to affect 400,000 
to 12 million people worldwide an- 

nually (1, 2). The causative agents of leish- 
maniasis, the various Leishmania species, re- 
side and proliferate solely in mammalian 
host macrophages (3). Currently used drugs 
for chemotherapy of leishmaniasis, such as 
antimonials, amphotericin B, and pentami- 
dine, can produce severe toxic side effects 
and relatively high relapse rates occur (4, 5 ) .  
Such side effects are presumably due to the 
interaction of the drugs with different cell 
types of the host, including those not har- 
boring the parasites. Antimonials, ampho- 
tericin B, and pentamidine encapsulated in 
liposomes were more effective than free 
drugs for the treatment of leishmaniasis in 
experimental model systems (6-10). Even in 

these earlier studies, liposomes that did not 
carry drugs showed appreciable toxic effects 
(11). In this report we describe an alterna- 
tive modality for selective delivery of drugs 
to macrophages in which a cytotoxic drug, 
methotrexate (Mtx), was coupled to a mac- 
romolecular ligand, maleylated bovine se- 
rum albumin (MBSA), recognized by the 
"scavenger" receptors reported to be present 
primarily on the cells of macrophage lineage 
(12-14). The superior leishmanicidal activity 
of this drug conjugate in eliminating intra- 
cellular amastigotes of Leishmania mexicana 
amazonensis both in vitro and in vivo demon- 
strates the efficacy of this approach. 

For preparation of the drug conjugate, 
water-soluble carbodiimide was used to cou- 
ple MBSA chemically with unlabeled or 
tritiated Mtx (15, 16). Mtx-MBSA contain- 
ing 35 moles of Mtx per mole of MBSA was 
used in these studies. The kinetics of uptake 

A. ~Mukhopadhyay, G. Chaudhuri, S. K. Basu, Institute 
of free and conjugated Mtx by cultured 

of Microbial Technology, 1389, Sector 33 C, Chandi- macrophages derived from peritoneal fluid 
garh-160 031, India. of hamsters are shown in Fig. 1. At an Mtx 
S. K. Arora and S. Sehgal, Post Graduate Institute of 
Medical Education and Research. Chandimh-160 012. of pg/ml in the medium, 
India. 

u 

either in free or conjugated form, the intra- 

*Present address: Department of Microbiology and Im- 'Ontent Mtx was 70 ng and 279 
munology, University of Health Sciences, Chicago Med- ng per milligram of cellular protein, respec- 
ical School, 3333 Green Bay Road, North Chicago, IL tively, after 3 hours of incubation, ~h~ 60064. 
tTo whom correspondence should be addressed. uptake of Mtx-MBSA exhibited saturation 
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