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ABSTRACT. Chloroplast translational initiation factor 3 (I3 from Euglena graciliscontains a central

region (homology domain) that is homologous to prokaryotic IF3. The homology domain is preceded by
a long NH-terminal extension (head), and followed by a 64 amino acid COOH-terminal extension (tail).
Sequences in these extensions reduce the activity of the homology domain. To gain insight into these
effects, a possible three-dimensional structure for the homology region gf &3 been modeled using

the X-ray coordinates from the N- and C-domains Bé#cillus stearothermophiludF3. In B.
stearothermophilug=3, these two compact domains are thought to fold independently and are separated
by a helical lysine-rich linker. The modeled structure suggests thaj &® a similar overall fold although

some subtle differences are predicted to occur. Both the head and tail regionspfatE3oriented
toward the linker region in the homology domain where they may potentially interfere with its function.
Circular dichroism spectropolarimetry (CD) indicates that the lysine-rich linker region i iB3iot in

a helical conformation and is probably a random coil. CD analysis indicates that a portion of the tail
region of IF3y is helical and that the tail has a direct interaction with the linker region in the homology
domain. Site-directed mutagenesis of the linker indicates that two conserved lysine residues are important
for the function of IF3, and play a role in the binding of I3 to the 30S ribosomal subunit. Mutation

of these residues affects the interaction of the homology domain with the tail.

In prokaryotes, the initiation of protein biosynthesis begins connecting the N- and C-domains plays a role in the binding
on the small subunit of the ribosome. During this process, of IF3 to the 30S subunif20, 23)
IF3! binds to the 30S subunit preventing its association with  The three-dimensional structures of the N- and C-domains
the 50S su_bunit._ I_F_3,_thus, ensures a supply of 30S sub_unitshave been determined using NMR wih coli IF3 (23, 24)
for t.ranslatl_onal |n|t|at|qr(1—5). IF3 binds the 3OS.subun|t and X-ray crystallography witBacillus stearothermophilus
by interacting both with the 16S rRNA and ribosomal |3 (21) "Both factors show similar topology for the N- and
proteins(6—9). IF3 also stlmula'tes the bmdmg of IF1, IF2  =_qomains. Both domains belong to thé3 superfamily.
and fMet-tRNA to 30S subunit¢10, 11) Finally, IF3  Thg jinker that can be observed in the X-ray structur&of
proofreads the selection of fMet-tRNA and the AUG codon stearothermophiludF3 exists as a helix21). Neutron
during initiation and, thereby, improves the fidelity of protein - gcattering data indicate that the distance between the centers
synthesig12—17). of mass of the domains is45 A (18). In contrast, in the
Prokaryotic IF3 folds into two compact protease-resistant structure ofE. coli IF3, derived from the NMR spectra of
domains called the N- and C-domai(is3, 19) A model either the separated domai{28, 24)or the whole molecule
has been proposed suggesting that the N-domain of IF3 is(25), the lysine-rich linker is highly flexible. The NMR data
responsible for the proofreading activity, while the C-domain also indicate that the motions of the two domains are
binds the 30S subun{l8, 19) Genetic studies indicate that uncorrelated, suggesting that the linker can display almost
Tyr75 in the N-domain plays an important role in the totally unrestricted motion. The distance between the

proofreading activity15). Chemical modification of Lys110  domains inE. coli IF3 fluctuates from 28.2 to 64.5 A with
or mutation of Lys107 and Lys110 in the C-domain of an average of 46.3 A25).

Escherichia colilF3 decreases the binding of this factor to
30S subunit$20—22). These data support the idea that the
N- and C-domains have different functions in IF3. Ad-
ditional information also indicates that the lysine-rich linker

Only one organellar IF3 has been identified and purified
to date. This factor (I3 from Euglena gracilis)is about
twice the size of prokaryotic IF@6, 27) The mature form
of this factor contains a central region that is homologous
to prokaryotic IF3 (homology domain). The portion of lg3

t Supported in part by funds from the National Institutes of Health corresponding td@. stearothermophilud=3 (IF3nsrH) has
(GM24963). been cloned and expressedBncoli. IF3.,srH has all the
of Cﬁ:mgts ‘(":’g?#nggggépo”dence should be addressed. Department  +tions of prokaryotic IF328). The homology domain

t Department of Chemistry. is preceded by a long Nkterminal extension (head) and

® Abstract published i\dvance ACS Abstractdlovember 15, 1997. followed by a 64 amino acid COOH-terminal extension (tail).

1 Abbreviations: CD, circular dichroism spectropolarimetry; 453 ; ; ;
chloroplast Initiation Factor 3; IRgsrH, region of IF3, homologous The head and tail negatively affect the function of the

to Bacillus stearothermophilu§3; IF3.,sHT, region of IF3, including homology domain of IF@. Nine residues at the junction
the homology domain and the tail. between the head and the homology domain contribute all

S0006-2960(97)01185-9 CCC: $14.00 © 1997 American Chemical Society



14828 Biochemistry, Vol. 36, No. 48, 1997 Yu and Spremulli

the negative effect from the head. The tail contains mostly IF3., were based on the coordinatesBofstearothermophilus
acidic amino acid residues and contributes about half of the IF3 obtained from X-ray crystallography and modeled using
negative regulatory effect of I3 (submitted for publica-  SYBYL. Sequence replacement was done piece by piece,
tion). Of the prokaryotic IF3s, only the factor fromMyxo- according to the secondary structural features seen in the
coccus xanthusas a COOH-terminal extensi¢®9). In vivo X-ray structure and based on the aligned sequence. After
studies indicate that this extension is important for certain each piece of the sequence was replaced, the replaced region
vegetative and developmental functions but not for viability was refined by energy minimization while keeping the
(30). remainder of the sequence frozen. The Kollman All-Atom
In this paper, homology modeling and CD spectroscopy force field was chosen for the calculation. Each energy
have been used to analyze the three-dimensional structureminimization was run using the conjugate-gradient method
of the homology domain of IRg and to gain insight into  for 500 steps. After the entire sequence was replaced, the
the secondary structure of the tail. Mutations in the linker final structure was again energy minimized.
region have been analyzed for their effects on the function The four-residue insertion in the N-domain of lx3vas
of IF3.y and on the interaction between sequences in the modeled using the Loop Insertion package in SYBYL.

tail and the homology domain. Coordinates were assigned to the loop by performing a loop
search over the databank of known crystal structures with
MATERIALS AND METHODS resolutions better than 2.0 A. Twenty-five potential loops

were generated. The quality of each loop was evaluated and
loops with the highest homology values and the lowest rms
values were selected. The backbone coordinates of the
selected loops were inserted into the coordinates of the
‘N-domain. The side chains were then inserted. The inserted
loop was energy minimized first, and the whole molecule
was then energy minimized once again.

Materials Chemicals and the ELISA kit were purchased
from Sigma Chemical Co. or Fisher Scientific. Syringe
filters containing cellulose acetate membranes (3 mmy0.2
pore size) were purchased from Corning Laboratory Sciences
Oligonucleotide primers were made in the Pathology Depart-
ment at the University of North Carolina. Restriction

_Ie_r;dlpnuclez_:ll_sesbtpli Klelnow fragmené (?I_f7DRN£ Af)olylmerase . Site-Directed MutagenesisSite-directed mutagenesis was
Igase, Taq polymerase, an polymerase performed using PCR. The mutagenic primers were 5

were obtained from Promega. Mini- and Midi-plasmid TACGAGTCCGAGAAGGCTGCAAAGGACAGCC-
preparation kits, pQE vectorg, coliM15[pREP4], and Ni ACAAGAAGGG (2K mutamAGTCCGAGGCG-
ion charged nitrilotriacetic acid affinity resin (Ni-NTA) were GCTGCAGCGGACGACCACAAGAAG (4K mutant). The
I;:r)?m Qc;agen. ;he G((ejne.CIt?[.an k']:[s Were.frolm tBt'oBlol' mutated regions are underlined. Appropriate primers and
asmids encoding a derivative o 'c’ﬁseq.“"’?‘ ent tob. linear plasmids (cut at theuull site) carrying the sequence
st_earoth_ermoph|luﬂ:3 (IF3ch|er)_and a_denvatlve carmying — tor |F3.,srH or IF3,sHT were used to generate single-
this region foIIow:_ad by the acidic tail .(IEQSHT) WEre  stranded mutated DNAs. After purification from a 2%
parsepared as described elsewhere (Sme.'tted for pUbIICat'on)'agarose gel, single-stranded DNAs were converted to double
[*SIiMet-tRNA was prepared as describ@ll, 32) The strands and amplified by PCR using the original mutated

pladsrtr;:d tpr(iNt' carrlylrt19 tth(_?[' &r;t:;gslate_(lj_ Ieﬁ?er rlegl?n primer and the pQE universal reverse primer. The fragments
and he transiational start site o gracilis chioropias generated were purified from 2% agarose gels using

rbcL gene fused in-frame to an internal coding region of the GeneClean. Full-length copies of the mutated genes were
neomycin phosphotransferase gene was prepared as describegqenerated by PCR using the purified double-stranded frag-
(33). In qitro transcript_ion of this pIasmid was carried out ments described above and the pQE universal forward primer
as t_descrlbec(33) aIIowmg Fhe preparatlon .O.f t.he MRNA as primers and the original linearized plasmid DNA (encod-
designatednRbcN E. coliribosomes and initiation factors ing IF3,srH or IF3,sHT) as a template. These DNAS were
were prepared as describ@#, 35) E. gracilischloroplast purified from 1% agarose gels and digested v&itimHI and

30S subunits, IF# and IF3n, were prepared as described ) The digested DNAs were then ligated into the

previously (26, 36, 37) Antisera was raised against the ; - -

. ) pPQE16 expression vector providing a His-tag at the COOH-
homology domain 9f IFsh as described28). . terminus of the expressed proteins. Sequences of the mutated
Molecular Modeling. Included are sequence alignment, pnAs were confirmed at the automated DNA sequencing
secondary structure prediction, and model building and 100p a¢jlity at the University of North Carolina at Chapel Hill.

Insertion. Induction and Purification of Various Deratives of IF3y.
Sequence AlignmentThe DNA sequences of a number  Cells were grown, and Ikg derivatives were induced as
of prokaryotic IF3 genes are available. Only two three- described(28). Induction times were 23 h for both the
dimensional structures are known. Sequence alignment haS/viId-type and the mutants. IE3mutants were purified using
been done with 19 IF3s and the homology domain ofdF3  the two-step purification procedure developed for {3

using the Clustalw prograr(88). (28). The yields of the mutated proteins were the same as
Secondary Structure PredictiorMethods used to predict  their wild-type counterparts.

the secondary structure of IEBinclude the Gibrat method, Assays. The abilities of IF3, and its derivatives to

the Levin homology method, the double prediction method, promote initiation complex formation wittE. coli 70S

and the self-optimized prediction meth¢&B). In addition, ribosomes using poly(A,U,G) as a mRNA were determined

the PHD program was used to predict the secondary structureas describe@8). The activities of IF3, and its derivatives
of IF3:n and its derivatives based on a multiple sequence in promoting initiation complex formation with chloroplast
alignment(40). 30S subunits anchRbcNwere determined as describgs).
Model Building and Loop InsertionThe starting struc- Binding of IF3y to 30S Subunits Direct measurements
tures for the N- and C-domains of the homology region of of the abilities of various IFg3; mutants to bind to chloroplast
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30S subunits were carried out using sucrose density-gradieninsertion in a loop. The secondary structure predictions

centrifugation as described (submitted for publication).
Briefly, the indicated concentrations of Ifs3and chloroplast
30S subunits were incubated in a total volume of 260n

50 mM Tris-HCI, pH 7.8, 10 mM dithiothreitol (DTT), 50
mM NH,CI, and 10 mM MgCJ, at room temperature for 5
min. The mixture was appliedta 5 mL 10 to 30%inear

suggest that the structures of the N-domain and the C-
domains of IF3, are similar to the corresponding domains
in the prokaryotic factors. However, the linker region is
predicted to have less helix than expected from examination
of the X-ray structure oB. stearothermophilusF3. In
addition, two regions in the C-domain that gretrands in

sucrose gradient prepared in the same buffer except that théhe bacterial factors are predicted to be helical incAF3

concentration of Tris-HCI, pH 7.8, was reduced to 10 mM.
Samples were subjected to centrifugation at 48 000 rpm for
2 h and fractionated. Aliquots (5@L) of appropriate
fractions were analyzed for the amount of JifBresent using

an ELISA assay41). A standard curve for each derivative
tested was determined in each experiment allowing the
amount of IF3, present to be quantitated using an ELISA.

CD SpectroscopyAfter purification, protein samples were
concentrated in a Centricon-10 to a volume 1.0 mL.

The samples were desalted, and the buffer was exchangeq

using a 10 mL G50 gel filtration column equilibrated with
30 mM sodium phosphate (pH 7.0) and 25 mM ammonium
sulfate. The fractions containing protein were concentrated

using a Centricon-10. Prior to obtaining spectra, the samples

were filtered through 3 mm syringe filters containing @.2

cellulose acetate membranes. To determine protein concen

trations, IF3usrH or its derivatives were denatured in 6 M
guanidinium chloride by incubation at 5@ for at least 5

h. The samples were then kept at room temperature
overnight. Concentrations were calculated from the absor-
bance at 280 nm using extinction coefficients of 5600'M
cm ! and 5720 M cm* for IF3:ysrH and IF3,sHT (42,

43). Spectra were acquired at 28 in 1 nm increments
from 178 to 260 nm with a single collecting time of 10 s
with an AVIV 62DS spectrometer. The wavelength depen-
dence of ] was monitored. Hellma quartz cells with a path
length of 0.1 mm were used. The mean residue ellipticities
were calculated using the equatidf = 6.,d10icn, where
Oobs is the ellipticity in millidegrees] is the length of the
cell in centimetersg is the concentration in moles per liter,
andn is the total number of residues. Secondary structure
contents were estimated with the program Vars@ldgusing

Ae = [60]/3298.

Homology molecular modeling was performed to provide
a structure of the homology domain of U3 The coordi-
nates of the N- and C-domains Bf stearothermophilus-3
were selected as the starting coordinates. The structure of
the modeled C-domain of g3 is similar to that of theB.
stearothermophiludactor. This domain consists of two
helices and a four-strand¢tsheet (Figure 1B). The third
strand of thes-sheet in IF3,srH (B3) is, however, comprised
of two segments (B3a and B3b) of antiparafietheet.

The N-domain ofB. stearothermophilus=3 consists of
wo helices, including the linker region, with a core
comprised of foup-strands. The insertion present in [F3
occurs in a loop betweefi-sheet strands B1 and B2 based
on the sequence alignment. The distance between the loop
and the regions of IR thought to be functionally important,
including the linker region, is probably too long to have an
effect on the function of the IR3. Molecular modeling
indicates that the N-domain of Igghas a structure similar
to that of B. stearothermophilualthough the N-domain of
IF3:nsrH has an additional strand in an antipargiedheet
near the NH-terminus (open arrow in Figure 1A). The NMR
structure of the N-domain dE. coli IF3 indicates that this
factor also has five strands gFsheet comparable to the
model of IF3nsrH produced heré24).

The orientation of the N- and C-domains of IF3 are not
known. In intactB. stearothermophiluf~3, the centers of
mass of the N- and C-domains are separated by about 45 A
(18). Detailed studies by NMR indicate that the linker region
in E. coliIF3 is highly flexible and that the distance between
the N- and C-domains ranges from 28 to 64 A. However,
there is no interaction between these two domé&2a§ One
possible structure for IRgsrH is shown in Figure 1C.
Regardless of domain orientation, lr8rH and prokaryotic
IF3 appear to have a dumbbell shape with a basic linker

Thermal denaturation curves were acquired at 222 nm, aconnecting the domains. It is clear from this representation

wavelength characteristic ofhelix. All the IF3;, constructs
were tested in 30 mM sodium phosphate (pH 7.0) in the
presence of 25 mM (NE,SQ,. The concentrations used
were 0.3-0.6 mg/mL, and data were collected in Hellma
quartz cells of 1 mm path length. The temperature range
was from 10 to 70°C with 1 °C steps at a scan rate of 10
°C/h.

RESULTS AND DISCUSSION

Molecular Modeling. Both E. coli andB. stearothermo-
philus IF3 fold into two domains (N- and C-domains)
separated by a lysine-rich linker. The homology domain of
IF3chi is 30—35% identical to various prokaryotic IF827).

A derivative of IF3y, corresponding t®. stearothermophilus
IF3 (IF3:nsrH) has been expressedancoli. This derivative
is the same length as tiBe stearothermophilufactor except

that both the head and tail regions of If3are oriented
toward the linker region (Figure 1C). ltis, therefore, likely,
that the head and tail regions of zr3play their negative
role in initiation by interacting, directly or indirectly, with
the linker region.

Circular Dichroism Spectropolarimetry (CD)The mo-
lecular modeling described above indicates that the structure
of the homology domain of IR3 is similar to that of the
prokaryotic factors. Homology modeling is based on the
assumption that sequence similarity gives rise to structural
similarity. No exceptions to this assumption have been
observed. Nevertheless, a direct experimental measure of
the secondary structural elements present in,|§78 was
desirable to provide confirmation of this assumption and to
provide insight into the conformation of the linker. Finally,
no information is available on the structure of the tail region
of IF3.. Structural measurements can provide insight into

for a four-residue insertion and residues from the vector the conformation of residues in this region and may suggest
providing the His-tag. Sequence alignment was generatedhow sequences in the tail negatively affect the function of
using the Clustalw program which places the 4-residue the homology domain.
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Ficure 1: Model for IF3y showing both the N- and C-domains. (A) The model of the N-domain of,/F8displayed with RASMOL

(50). The arrow indicates the inserted loop. The additional antipagafttand (B1) predicted at the NHterminus is labeled and shown

with an arrow. (B) The model of the C-domain of Uz3s displayed with RASMOL(50). Helical segments are designated H1 and H2

while § strands are designated BB4. The arrow labeled B3b indicates the additional antipargisirand (B3b) predicted to lie between

B3a and B4 strands in the C-domain of f3(C) The final models of the N- and C-domains of {f®laced adjacent to each other. The
relative orientation of these two domains is uncertain. The dashed line indicates four amino acids that are not included in the structures of
eitherE. coli or B. stearothermophilu§~3.

CD was used to obtain direct information on the structure helical structure than the content @ksheet structure.
of IF3:nsrH (Figure 2A). Secondary structural content was IF3cnsrH, the homologue dB. stearothermophilub=3, has
estimated using the Varselec progrédd). The percentage  19% of its residues in helical structure, 28% in antiparallel
of each residue in a particular secondary structure (calculated3-sheet structure, 3% in parallgtsheet structure, 26% in
from mean residue ellipticity) and the number of residues turns, and 25% in other structures (Table 1). In comparison,
(N) in the structure were calculated (Table 1). It should be B. stearothermophilul=3 has 28% of its residues in helical
noted that CD is more accurate in predicting the content of structure and 19% in antiparall@isheet (Table 1{18). This
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Ficure 2: CD spectra of IFg;srH and IF3,sHT. The protein concentrations were (A) 1.5 mg/mL forfs3H and (B) 0.88 mg/mL for
|F3Ch|SHT.

predictions based on sequence alignment are consistent with

Table 1: Secondary Structural Content Derived from CD Data ) - ) . . . :
this explanation since they predict two helices in the tail

content H A P T (e} TOT® (Figure 3)
Secondary Structural Content of Iz8rH .' . . . .

% 19 ry28 He 3 26 s 25 100 Mutation of the Linker RegionNeither the N-domain nor
N 36 52 6 48 47 189 the C-domain of IFg, alone has any activity in promoting

Secondary Structural Content of lR8HT initiation complex formation (data not shown). Neither
% 21 26 1 25 26 99 domain binds to chloroplast 30S ribosomal subunits at a
N 52 65 3 62 65 247 detectable level. These observations imply that the function
Secondary Structural Content Bf stearothermophilub=3 (18) of IF3n requires both domains and suggest that the linker
% 28 19 7 17 28 99 ion is i i i
N 8 3 12 29 18 169 region is important for the ability of IF3 to bind to 30S

y . . NI — J subunits. Since both the head and tail extensions on the
2%, content of the secondary structure, N, residues in the secondarypomol main of IF3, are dir ward th ntral
structure; H, helix; A, antiparallel beta sheet; P, parallel beta sheet; T, I'Ok 0 ogy_ do tﬁ 0 f’m a.e d ected_ t? a ctj (tj.e Ct? t "’?th
turn; O, others; TOT, totaP Includes 14 residues from the vector N .er reg!on, gse ex en?'ons may Interac .'r.ec y wi
including the His-tag. residues in the linker region to affect the activity of the

homology domain of IFg,. In particular, the highly acidic

CD analysis indicates that IE&rH has about 12 fewer tha'l re|g|on dmay _mtgrac:] with ;[]he Iys_,|r;e-r|cth linker in the
amino acid residues in a helical structure than dBes omology domain Dy chargecharge interactions.

stearothermophilu§=3. This observation suggests that the Little is known about the roles of specific residues in the
linker region in IF3y is in a highly flexible “random coil” linker region on the function of bacterial IF3. Several lysine
rather than the rigid helical structure seerBinstearother-  residues in the linker were targeted for mutagenesis to test
mophilusIF3. It should be noted that the CD data reflects the potential importance of the linker region on the function
the solution structure of IRgsH and it is possible that the  of the homology domain and on the possible interaction of
linker assumes a helical structure when this factor is bound the linker with residues in the tail. Sequence alignment
to the ribosome. indicated that two lysine residues in the linker (shown in
The tail region of IF3, is highly acidic (Figure 3). Since  bold in Figure 4) are quite highly conserved. The first of
the tail is oriented toward the linker region (Figure 1C), itis these is present in over 80% of the IF3s that have been
likely to have its negative effect on the activity of the Sequenced. The other lysine is present in over 60% of the
homology domain by interacting with basic residues in the known sequences, and this residue is either lysine or arginine
linker. Secondary structure predictions on the tail region of in nearly 90% of them. These two residues will be referred
IF3. show two regions with high probabilities of being as the conserved lysine residues. Two additional lysine
helical (Figure 3). Insight into the possible structure of residues are not as highly conserved but are found ignIF3
residues in the tail region was obtained from the CD spectraand a few other species (underlined in Figure 4). They are
of IF3.,sHT, the derivative carrying the homology domain referred to as the less-conserved lysine residues. Site-
and the entire tail (Figure 2B). IG®HT is calculated to  directed mutagenesis was used to mutate both the conserved
have 21% of its residues in a helical structure, 26% of the and the less-conserved lysine residues ind&31 and 1F3.-
residues in an antiparallg-sheet structure, 1% of the sHT. The lysine residues were mutated to alanine based on
residues in parallgB-sheet structures, 25% of the residues the principle of charged to alanine scanning mutageriéSjs
in turns, and 26% of the residues in other structures (Table Mutation of the less-conserved lysine residues found ig.lF3
1). Compared to IFgsrH, IF3nsHT has 16 additional lead to the construct designated {FH2K and referred to
residues in a helical conformation. The most likely inter- as the 2K mutant. Mutation of the two additional conserved
pretation of this result is that a portion of the tail region residues lead to the mutated protein referred to as the 4K
folds into one or more helical segments. Secondary structuremutant.
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ALKVIAERRAERDRKAAAEEEGEGDDLDFVDENEDEDVEGEGEEEEAEELEEETAEGTEVPTRSRSHHHHHH
HHHHHHHHHHHHHHHHHHHHHHCCCHHHHHHHCCCHCHHCCCHHHHHHHHHHHHHHCCECEEEHHEHEEECC
HHHHHHHHHHHHHHHHHHRHHTCTHCHHHCCHCCTTHHHHCCHHHHHHHHHHHHHHCCCCCCCCCTCSCCTC
HHHHHHHHHHHHHHHABHHHHTCTCCCCHHHHTHTHTHCCCCHHHHHHHHHHHHHHCCHCCCCCCCCCCCCC
HHHHHHHHHHHHHHHHBHHHHHHHHHHHHHHRHHHHHHHHHHHHHHHHRHHHHHBHHHTTHCCCCCHHHHHAHH

Consensus HHHHHHHHHHHHHHHHHHHHHHCTCCHHHHHHCCTHHHHCCCHHHHHHHHHHHHHHCC-CCCCCC-CCCCCC

B.

AA
PHD
Rel

| HHHHHHHHHHHHHH HHHHH

HEL: H=helix, E=extended (sheet),

| ALKVIAERRAERDRKAAAEEEGEGDDLDFVDENEDEDVEGEGEEEEAEELEEETAEGTEVPTRS |

HHHH HHHH HHH |

16999975556653222666347776578734123358677506551331565355133324899|

blank=other

PHD: Profile network prediction HeiDelberg

Rel: Reliability index (0-9)

Ficure 3: Secondary structure predictions on the tail region ofF@) Prediction of the secondary structure of the tail was done using

several methods as indicated in Materials and Methods. The amino acid sequence of the tail is shown on the top line. The consensus

structure is also shown. H, helical structure;d=strand structure; C, coil structure; S, bend. (B) Secondary structure prediction using the
PHD program. H: helical structure; B3 strand structure; C: coil structure. The prediction reliability is also indicated. The higher the

number, the more reliable the prediction.

Coli DYGKFLYEKSKSSKEQK
Bstea DYGKFRFEQOKKEKEAR
IF3,., NYSKLKYESEKKKKDSH
2K Mutant NYSKLKYESEKAAKDSH
4K Mutant NYSKLKYESEAARADSH

FiGUre 4: Mutations in the linker region. The sequences of the
linker region from IF3y, E. coli IF3 (Coli), andB. stearothermo-

philus IF3 (Bstea) were aligned together. The conserved lysine
residues are indicated in bold while the less-conserved lysine

in the homology domain (IRgsrH4K) results in a loss of
approximately one-half of the activity of the homology
domain. When these mutants are tested with chloroplast 30S
subunits using a mRNA which carries a chloroplast trans-
lational initiation site(mRbcN) the activity of the 2K mutant
(IF3chsrH2K) is similar to that of IFgsrH (Figure 5B).
Mutation of the four lysine residues in the linker (IR3
srH4K) has a drastic negative effect on the activity of the

residues are underlined. Sequence changes in the 2K and 4khomology domain resulting in a loss of almost 90% of the

mutants are also shown.

The mutated proteins were expressedtircoli, purified,
and assayed for activity in initiation complex formation.
Figure 5A shows that, in IRgsrH, mutation of the less-
conserved lysine residues (lr8rH2K) does not change the
activity of the factor significantly in promoting the binding
of fMet-tRNA to E. coli 70S ribosomes using poly(A,U,G)
as mRNA. In contrast, mutation of all four lysine residues

1.6 T T T T T T
A.
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® IF-3srH ]
/ ¥

IF-3srH2K
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N
IF-3srH4K |

\

0.6

fMet-tRNA bound, pmol

0.4

0.2

0

0 4 8 12 16 20 24 28
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activity (Figure 5B). The most likely interpretation of this
result is that the two conserved lysine residues are important
for the function of 1F3,, while the less-conserved lysine
residues are not particularly important for its function.
Alternatively, it can be argued that mutation of these lysine
residues into alanine changes the conformation of the linker
from a random coil into a helical structure altering the
orientation of the two domains and, thereby, inhibiting the
activity of the homology domain.
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Ficure 5: Effect of mutation of residues in IggrH on initiation complex formation. (A) The activities of IfBrH2K (a) and
IF3.nisrH4K (A) were compared to that of IggsrH (@) in promoting initiation complex formation oR. coli ribosomes. A blank (0.05
pmol) representing the amount of fMet-tRNA bound in the absence qf,IR8s been subtracted from each value. (B) Stimulation of
initiation complex formation on chloroplast 30S ribosomal subunits in the presence of 10 pmigbaN (33)A blank (0.1 pmol) representing
the amount of fMet-tRNA bound in the absence of 4fBas been subtracted from each value.
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FiGUre 6: Effect of mutation of lysine residues in IE3HT on initiation complex formation. A. The activities of IFBHT2K (a) and
IF3:nsHT4K (a) were compared to those of IlR8HT (O), and IF3,srH (@) in promoting initiation complex formation dB. coli ribosomes.

A blank (0.05 pmol) representing the amount of fMet-tRNA bound in the absence gf &3 been subtracted from each value. (B)
Stimulation of initiation complex formation on chloroplast 30S ribosomal subunits in the presence of 10 pniRiboli (33)A blank (0.1
pmol) representing the amount of fMet-tRNA bound in the absence qfIF&s been subtracted from each value.

The effects of mutation of the lysine residues in the linker Taple 2: Binding of IF3, to 30S Subunits

on the activity of IF3,sHT were also examined. When IF3

tested onE. coli 70S ribosomes using poly(A,U,G) as @  |F3type [IF3h,M [30Sk, M bound, pmol  Kops M~
MRNA (Figure 6A), IF3,sHT2K has about one-half of the IF3stH 1x 107 0.8x 107 8.5 (1.1+1.5) x 10
activity observed with IFgsHT. This observation iS  |F3grH2K  1x 107 0.8x 107 88 (1.1-15)x 107
surprising since mutation of these residues in {k564 does IF3srH4K 1x 107 0.8x 1077 <0.2 <1lx 10°

not have a significant effect on the activity of the homology IF3sHT ~ 1x 107 0.8x 10°’ 4.3 (3.0-3.3) x 10P

IF3sHT2K 1x 107 0.8x 1077 4.6 (3.0-3.7) x 10°

domain in this assay. When tested for initiation complex IF3sHT4K 1x 107 0.8 107 <02 <1 % 10°

formation with chloroplast 30S subunits (Figure 6B), 43 - — - -
SHT2K is also less active than IE8HT. Sequences inthe _Approximate binding constant&J for the interaction of IFg

. . . S . and its derivatives with chloroplast 30S subunits were calculated
tail re_glon partially |nh|b|t the function of the h0m0|o_gy according to the equation, 30SIF3.y = [30S:1F3y]. The equilibrium
domain of IF3. Mutation of the two less-conserved lysine  association constant was calculatedas = [30S:IF3]/[30 S][IF3cn].
residues in the linker region appears to affect the interaction Bound IF3y was quantified by an ELISA. The initial concentrations
between the tail and linker in a way that increases the used are designated [Ik3jnd [30S}.
inhibitory effect of the tail. This inhibitory effect is now
seen not only in assays with chloroplast 30S subunits butseparated from the free factor by sucrose density-gradient
also in assays oEk. coli ribosomes. centrifugation. The amount of Iggbound to the subunits

Mutation of all four lysine residues in the linker region of was calculated based on the standard curve of an ELISA
IF3.nSsHT has an even more drastic effect. JgHT4K has using antibodies raised against the homology domain. Each
lost approximately 80% of the activity observed with {3 derivative shows a similar response to the antibody (data
sHT in the E. coli assay (Figure 6A). This observation not shown). The amounts of each derivative bound to 30S
indicates that the conserved lysine residues in the linker subunits and the s values were calculated (Table 2).
region play a significant role in the function of IF3. This Mutation of the less-conserved lysine residues present in
observation is in agreement with the negative effect that IF3., has no effect on the ability of the homology domain
mutation of these residues has on the activity of the of IF3, to bind 30S subunits. Similarly, mutation of these
homology domain itself (IFg3isrH). Mutation of the con-  residues in IFg,sHT has no effect on the binding of this
served and less-conserved lysine residues in,BF8T derivative to ribosomal subunits. These observations suggest
appears to have a cumulative effect. When tested onthat these two lysine residues are not directly involved in
chloroplast 30S subunits usingRbcNas mRNA (Figure the interaction of IF@, with 30S subunits. However, when
6B), IF3nhsHT4K has essentially no activity. Again, muta- the conserved lysine residues are also mutated to give the
tion of both the less-conserved and conserved lysine residueglK derivatives, IF3,srH4K and IF3,sHT4K, over a 100-
within the linker region appears to have a cumulative effect fold decrease in affinity is observed. This result indicates
on the activity of IF3,sHT. that these two conserved lysine residues in the linker region

Binding of the Mutated Devatives to 30S SubunitsTo play a direct role in the binding of I3 to 30S subunits.
test if lysine residues in the linker region are important for By analogy, it is likely that these conserved lysine residues
the binding of IF3y to the chloroplast 30S subunit, direct are also important in the binding of the corresponding
measurements of the binding of the normal and mutated bacterial factors to the small subunit of the ribosome.
proteins to 30S subunits were carried out. In these experi- Thermal Stability of IF3, Derivatives. To address the
ments, IF3, or its derivatives were incubated with chloro- question of the interaction between the tail region and the
plast 30S subunits. The IE3bound to the subunits was linker region, CD-detected thermal denaturation studies were
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Ficure 7: CD-monitored thermal denaturation of Uzg8rH and
IF3.nsHT. Denaturation of IFgsrH @) and IF3,sHT (@) was
monitored from 10 to 70C as described in Materials and Methods.

Table 3: Melting Temperatures for IEx3and Its Derivatives
IF3 type Tm (°C)
IF3srH 40
IF3srH2K 40
IF3srH4K 40
IF3sHT 48
IF3sHT2K 44
IF3sHT4K 40

performed on the normal and mutated proteins. Figure 7

shows the temperature-dependent denaturation curves for

IF3cnsrH and IF3,sHT. The CD signal collected at 222
nm (characteristic for a helical structure) has been normalized
using the signal at 10C as 100% native and the signal at
70°C as 100% denatured. The melting temperatlirg is

the temperature at which 50% of the signal disappears. The
results show that IRgsrH has a melting temperature-o#10

°C, while IF3,sHT has a melting temperature of about 48
°C. These data indicate that lFBHT melts as a single
cooperative unit, leading to the conclusion that the tail and
homology domain of IF3, may interact to stabilize the
protein as a whole. Thermal denaturation is reversible for
IF3cnsrH, but not for IF3,sHT (data not shown). Quantita-
tive thermodynamic data, thus, cannot be obtained.

Temperature-dependent denaturation profiles were also
determined with the 2K and 4K mutants of Ig8rH and
IF3cnsHT. Both the IF3srH2K and the IFgsrH4K
mutants have the same melting temperature ag,4fd
(Table 3). This observation suggests that mutating the lysine
residues in the linker region does not affect the thermal
stability of the homology domain. In contrast, changing the
two less-conserved lysine residues in d&HT changes the
melting temperature from 48 te44 °C. Further mutation
of the conserved lysine residues in the linker region reduces
the melting temperature even more, to about'@d(Table
3). These data are consistent with the idea that the tail region
stabilizes the homology domain by interacting with the lysine
residues in the linker region of the homology domain. These
observations provide direct evidence that the tail region and
the linker region interact with each other. Mutation of these
lysine residues alters this interaction resulting in a decrease

in the melting temperature. The data presented here support

the idea that the tail region of Ig3plays a negative role in
the initiation of protein synthesis by interacting with the
linker region in the homology domain.

Yu and Spremulli

The negative effects of sequences in the head and tail
regions on the activity of the homology domain of If3
raises the interesting question of how these effects are
modulatedin wivo. It is clear from numerous studies
(46—49) that chloroplast protein synthesis is regulated
through a complex series of trans-acting mRNA binding
proteins that couple the synthesis of certain proteins to the
presence of light. The head and tail regions of iFhay
play a role in coupling the activity of IR to translational
regulatory proteins in the chloroplast. It is likely that
sequences in the head and tail region are involved in pretein
protein interactions that modulate the effect of the head and
tail on the activity of the homology domain during the
initiation of translation. These proteitprotein interactions
may play a crucial role in the control of chloroplast
translation by light.
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