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ABSTRACT: The “stalk” of the prokaryotic 50S ribosomal subunit is comprised of four copies of the protein
L7/L12. In Escherichia coliL7/L12 is a dimeric protein at micromolar concentrations, which is able to
undergo rapid subunit exchange. A recent structural study indicated a tetrameric arrangement of the L12
proteins isolated frorThermotoga maritimain which the proteins engaged in two different dimerization
modes In one mode, the two monomers of L12 form a tight symmetric and parallel dimer held together
by a four-helix bundle, which encompasses the hinge region between the N- and C-terminal domains. In
the other mode, the two monomers bind through their N-terminal region in an antiparallel configuration,
in which one monomer comprises arhelical hinge and the other monomer adopts an elongated shape
with an unfolded hinge region. Presently, it is unclear which dimer contact prevails in solution and on the
ribosome. Using cysteine mutants Bf maritimalabeled with fluorescent probes, we investigated the
mode of interactions between L12 subunits. Data froimsten resonance energy transfer experiments
support a dimerization of L12 in solution, in which two monomers bind through their N-terminal region

in an antiparallel configuration. We also demonstrate that the rate of subunit exchahgenaritima

L12 is significantly slower at 25C than that in theE. coli system. The exchange rate increases with
increasing temperature and approaches the one observed tor ¢bhé system at 50C. Possible factors
responsible for this difference are discussed.

Originally detected 30 years ago in ribosome preparations structure of the isolated C-terminal domains frdn coli
(1), L7/L12 is a small protein of approximately 12 kDa, led to a model for a C-terminal domain dimer, which showed
which together with L10 constitutes the stalk of the 50S direct contacts between these domains based on hydrophobic
ribosome subunit, with L7 being the N-acetylated form of interactions 7). However, steady-state and time-resolved
L12 (2). L7/L12 is the only ribosomal protein present in fluorescence studies demonstrated that the two C-terminal
multiple copies; specifically, four copies of L7/L12 are domains were, on average, well-separated and highly mobile
present in the 50S ribosomal subunit B$cherichia coli in the framework of the full-length molecule8, (9). These
Moreover, L7/L12 is the only ribosomal protein that does conclusions, based on fluorescence studies on L7/L12 in
not interact with rRNA; its binding to the ribosome is solution, were recently confirmed by NMR studid$),(11).
accomplished by its high-affinity interaction with ribosomal Recently, the crystal structure of L12 from the thermophile
protein L10.In witro, L7/L12 and L10 form a pentameric organism Thermotoga maritima(Protein Data Bank IDs
complex with two dimers of L7/L123). L7/L12 is necessary  1pp3 and 1DD4) was published1?). This structure
for the binding of most of the soluble factors required for .,ntained two full-length L12 monomers and two N-terminal
protein biosynthesis4) and has been implicated in the  ¢50ments (with the C-terminal fragments being unresolved
c_on.trol of the translatlon. accuracg)( The protein has WO for the latter two monomers). This crystal structure supported
distinct structural domains separated by a flexible hinge. the findings, for L7/L12 fromE. coli, namely, that the

These domains consist of arhelical N-terminal region and jtaractions between the L12 monomers occur between their
a globular C-terminal regior]. A high-resolution crystal N-terminal domains and that their C-terminal domains are
well-separated §, 8, 9). This study also suggested two
TThiS work Was_supported by Grant MCB9808427 from the National possib]e dimerization modes for tAe maritimalL12 (13,
Science Foundation (to D.M.J.) and a Grant from the Deutsche 14). One of these modes involves a parallel alignment of
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A part of the time and to extend out of the classic stalk and
into the solution at other times. In the present work, we used
fluorescence spectroscopy, in particuldir$ter resonance
energy transfer (FRET)o investigate the dimerization mode
of T. maritimalL12 in solution. Our results argue against
the existence of L12 tetramers in solution and support the
elongated, antiparallel orientation of the subunits for the L12
dimers.

MATERIALS AND METHODS

Cysteine Mutant of L12Cloning and purification of lle-
to-Cys mutants of L12 were carried out as previously
described for other mutant&Z, 13). Production of the Cys
mutants was based on the original pET22pgexpression
construct, and the cloning and subsequent protein purification
steps were as described previously,(13).

Protein LabelingThe L12-C32 mutants were labeled with
acceptor probe f02 h atroom temperature. Two different
“acceptor” probes, dimethylamino-dinitrophenyl maleimide
(DABMI) and tetramethyl rhodamine iodoacetamide
(TMRIA) were usedm a 5 M excess of probe to protein.
The labeling was carried out in 50 mM Tris buffer at pH
6.5 for DABMI and pH 8 for TMRIA. The L12-C85 and
L12-C122 were labeled with “donor” probes, either iodo-
acetamide fluorescein (IAF) or iodoacetylamino-ethylamino
naphthalene sulfonic acid (IAEDANS), following the same
procedure in 50 mM Tris at pH 8. After labeling, the reaction
was stopped by the addition of 1 mM DTT. The free probes
were removed by passing the solution throug 5 cm
Sephadex G25 column from Pharmacia (previously equili-
brated in 50 mM Tris buffer at pH 8) and then further purified
by ion-exchange chromatography using a small mono-Q
column (Pharmacia). The protein concentration was deter-
FiGURE 1: Dimerization mode of L12. (A) Ribbon representation Mined using the BCA assay from Pearce (using BSA as the
of the dimer with a parallel alignment of the N-termini. (B) Ribbon ~standard), and the probe concentration was determined by
representation of the dimer with an antiparallel alignment of the absorption specrophotometry using the following extinction

N-termini. Spheres indicate theo(ositions of residues (labeled)  coefficients (M2 cm™2): IAEDANS, €33 = 6100 (L7);

used for donor or acceptor probe attachment in the present work. _ . _
These representations are based on the crystal structute of DABMI, €ag0 = 24 800 (8); and IAF, €sgs = 70 000 §).
maritima L12 (13) (Protein Data Bank ID 1DD3) and generated 1 Ne extinction coefficient for TMRA on the L7 monomer

using pyMOL software (DeLano Scientific LLC). The extended has been determined to be 72 000'Mm™* by Hamman et
model was first proposed by Chandra Sanyal and Lilja &s the al. (6). However, because TMRA-labeled L12-C32 displayed
physiological dimerization mode. the absorption spectrum typical of a rhodamine ground-state

dimer, we used the ratio for TMRA absorption at 518 and
density for the L7/L12 proteinslg). In the 70S model, only 555 nm (518:555 ratio). A ratio of 1.3 represents 100%
one dimer has been positioned. In 2003, Nomura and labeling 6). Under these conditions, labeling ratios between
colleagues 16) also used the compact dimer structure to 0.9 and 1.1 were found for all cases. Using the same labeling
analyze their point-mutation results of L7/L12. procedures, no labels were detected on the wild-type L12

The second dimerization mode results in an antiparallel proteins.

arrangement of the four helices of the two N-terminal  preparation of the Sample$.12-C32, labeled with the
domains. The hinge region of one subunit curls up into an acceptor probe, was mixed with either wild-type L12 or
a-helical structure and aligns with the interacting N-terminal donor-labeled L12 to obtain an acceptor mole fraction (the
regions to build up a five-helix bundle, while the hinge region concentration of acceptor-labeled monomer versus total
of the other subunit adopts an elongated, unfolded config- monomer concentration) 60.9. The subunit exchange was
uration. This arrangement (Figure 1B) was favored as the followed by polarization measurements, and the FRET
physiological complex by Chandra Sanyal and Liljag)( measurements were carried out after complete subunit
who proposed that one molecule in the dimer could exhibit exchange, i.e., more th& h after no further changes in the

a compact structure with a helical hinge region, while the
other may exhibit an extended hinge. An extended hinge

; ; 1 Abbreviations: FRET, Fster resonance energy transfer; DABMI,
conformation would allow extensive movement of one of dimethylamino-dinitrophenyl maleimide; TMRIA, tetramethyl rhodamine

the C-terminal domains. Such an arrangement may allow thejggoacetamide; IAF, iodoacetamide fluorescein; IAEDANS, iodoacetyl-
C-terminal domains to be recoiled into the stalk structure amino-ethylamino naphthalene sulfonic acid.
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steady-state polarization could be detected. The final protein To minimize potential uncertainties with the orientation

concentration was in the range-106 uM.
Fluorescence Spectroscopy: PolarizatioBteady-state

factor, a parameter embeddedRs we used two different
donor-acceptor probe pairs. In one case, the donor probe

polarization measurements of fluorescein-labeled L12-C32 was IAF and the acceptor probe was TMRIA. TRgfor
were carried out on an ISS PC1 spectrofluorimeter (ISS Inc., this probe pair is 55 AZ7). In the second case, the donor
Champaign, IL). Excitation of the fluorescein-labeled L12- probe was AEDANS and the acceptor was DABMI, a
C32 was at 488 nm, and emission, at wavelengths greatemonfluorescent molecule. THg for this latter pair is 43 A
than 515 nm, was observed through a Schott 085 cut-on filter. (28). We note that in each case we assume that tiRgse
The excitation bandwidth was set to 4 nm. At the protein values do not vary among the particular arrangements
concentration used (3016 uM), no significant background  depicted in Figure 2 (as a consequence of their being in
due to scattered light or buffer (50 mM Tris at pH 8.0) different molecular environments). Since the chemistry of
fluorescence could be detected. The polarization of the these probes is very different, they may be expected to
sample was recorded every 15 min for 24 h; the sample wasinteract differently with the protein environment. Therefore,
only illuminated during the measurement interval. During if consistent results are obtained between these two probe
that time, no photobleaching of the fluorescein moiety could pairs, we can assume that the orientation factor has a value
be detected in the control sample of donor-only-labeled L12 of %3, which corresponds to a random orientation of the
(data not shown). dipole moments of the donor and acceptor probes.
Homo-FRETFluorophores that exhibit small Stoke shifts Fluorescence Lifetime Determinationbhe lifetimes of
such as fluorescein can undergo homotransfer, which canthe fluorophores were determined using an ISS K2 multi-
be detected by the resulting depolarization of the emissionfrequency phase and modulation spectrofluorometer (ISS,
(19-22). The Faster critical transfer distanceR{, the Inc.) equipped with an Argon-lon Model 2045 laser (Spectra-
distance corresponding to 50% transfer) for fluorescein Physics, Mountain View, CA). The fluorescein probes were
homotransfer is~40 A (9), and hence, significant energy excited at 488 nm, while the 351 nm laser line was used for
transfer occurs in fluorescein-labeled L12-C32 [because thethe AEDANS probes. In the case of fluorescein, the emission
distances between C32 residues in the N-terminal domainswas isolated using a combination of a cut-on (Schott 083)
of L12 are within 6-24 A, in all cases, i.e., dimer or putative and a 513 nm interference filter (Corion), which gave an
tetramer {3)]. As the proteins within the oligomers exchange effective narrow bandpass centered at 528 nm. Under these
with unlabeled L12, the amount of homo-FRET decreases excitation and emission conditions, the contribution from the
until nearly all of the labeled monomers have formed acceptor fluorescence was approximately 1%. For the
oligomers with unlabeled monomers (because of the 10-fold AEDANS emission, wavelengths longer tha880 nm were
excess of unlabeled L12 monomers). Therefore, the exchangebserved through a Schott KV399 cut-on filter (note that
of labeled L12 molecules with unlabeled L12 molecules can DABMI, the acceptor for AEDANS, is nonfluorescent).
be followed by polarization measurements as previously Subtractions of a blank sample containing a mixture of wild-
described ). type unlabeled L12 and acceptor-labeled L12 at an acceptor
Hetero-FRET: Determination of the Efficiency of Energy molar ratio of 0.9 and at the same protein concentration as
Transfer.Since the solution contains different mixtures of the donor-acceptor or donor-only samples were performed
donor- and acceptor-labeled monomers in tetramer andfor each measurement. The lifetimes were then analyzed
dimers cases, there will be arrangements of the tetramer orusing Globals software available from the Laboratory for
dimer consisting of (1) acceptor-labeled monomers only, (2) Fluorescence Dynamics at the University of lllinois at
donor-labeled monomers only, and (3) all possible intermedi- Urbana-Champaign. While the presence of multiple donor-
ate combinations (Figure 2). Each arrangement will give rise labeled monomers in a given assembly will not modify the
to a different efficiency of energy transfek, wherek calculations of the efficiency of energy transfer, the presence
represents a given arrangement and ranges from 1 to 16 foiof multiple donors that do not participate in energy transfer
the tetramers and 1 to 4 for the dimerd3{27). The could affect the lifetime analysis. The effect would be larger
efficiency of transfer in any particular arrangement will in the tetramer case compared to the dimer case because only
depend on the number of acceptors present in the assemblyne combination with multiple donors is possible in the latter.

as illustrated in Table 1.

To reduce the effect resulting from the presence of multiple

In a system corresponding to random monomer assembly,donor-labeled monomers in an assembly, we used a high

the efficiency of transferk, can then be calculated using

E=50E 1)

wheredy is the probability for thekth arrangement (Figure
2). This probability is a function of the acceptor molar
fraction (~0.9 in this case). Experimentally, the efficiency

acceptor molar fraction (0.9). The large number of acceptor-
labeled monomers means that the probability of having a
population of multiple donor-labeled monomers is dramati-

cally reduced and the effect of these donors on the lifetime
of the solution becomes negligible. The lifetime analysis is

further complicated by the different possible arrangements
of labeled monomers in the tetramer and dimer assemblies

of transfer between donor and acceptor probes in solution igyre 2), which could result in a distribution of lifetimes.
can be determined from the lifetime of the donor probe in Ajso, pecause of the mobility of the C-terminal domains,

the absencérp) and in the presenceda) of the acceptor
probe according to the following equation:

T
E=1--2A
D

()

one obtains a distribution of distances and hence lifetimes,
in addition to the one obtained from energy transfer. We
are thus unable to rigorously relate these lifetime distributions
to molecular distributions. Taking these factors into account,
as well as the over-interpretation that could result from
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FiGurRe 2: Schematic representation of the different arrangements of acceptor- and donor-labeled monomers. The N-terminus of each chain
is represented by a shaded oval and the C-terminus, by an open oval. Acceptor probes are represented by stars on the N termini, while
donor probes are represented with filled squares on the C termini. The dotted lines indicate the distances where significant energy transfers
occur. (A) Tetrameric arrangement. The four chains of the putative tetramer are shown. The probabilities for each of these arrangements
are calculated using the formula next to the given arrangement. There is no energy transfer when the tetramer is constituted only of acceptor-
or donor-labeled monomers. (B) Dimeric configurations. The probabilities for each of these arrangements are calculated using the formula

below the given arrangement. There is no energy transfer when the dimer consists only of acceptor- or donor-labeled monomers.

relating these lifetime distributions to molecular distributions, residues 85 and 122 of the C-terminal domain, respectively,
we decided to fit the data to a single distribution (Lorentzian), were individually exchanged for cysteine to provide a
and the center values and widths of these distributions arechemical moiety for donor probe labeling. After complete
reported. subunit exchange, determined by polarization measurements
(see below), the energy transfer between donor- and acceptor-
RESULTS labeled monomers was measured. The lifetime data for the
Oligomerization ModeThree mutant L12 molecules were two probe pairs AF-TMRA and AEDANS-DABMI are
employed in the present work: L12-C32, in which residue shown in Table 2. It should be noted that, for donor-only
32 at the end of the N-terminal dimerization region was solutions, the lifetimes of both AEDANS and AF probes
exchanged for cysteine and which was used for acceptorbound to C85 are longer than the lifetimes of the same probes
probe labeling; and L12-C85 and L12-C122, in which when attached to C122, which indicates an increase in the
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Table 1: Calculation of the Efficiency of Energy Transfer in the filtration chromatography, and cross-linking experiments
Presence of Multiple Acceptor ProBes suggested that L12 might exist as a tetramer in soluti@ (

we first calculated the transfer efficiency expected for such

acceptors only E=0 ;
a tetramer arrangement. Since there can only be one probe
donor(s) and three acceptors _ _ RS (either the donor or acceptor) per monomer, there are 16
RS+ 1R+ R,°+R;% possible arrangements of dor@cceptor probes (Figure 2a).
donor(s) and two acceptors RS Using the equations in Table 1 and the average distances
E= m determined from the crystal structure, one can calculate the
donor(s) and one acceptor R theoretical or expected efficiency of tra_nsfer for the 16
E arrangements of doneiacceptor probes. Since we assumed

T RS . .

3 RO+ 1R, that the two unresolved C-terminal domains are too far from
donors only E=0 the C32s in the N-terminal domains to significantly partici-
2 Eis the efficiency of energy transfer for the particular arrangement pate in the energy transfer, we shall ignore the contribution

of donors and acceptor probé@.is the Faster transfer distanc®; is of the donors bound to C85 or C122 in these domains in
the distance between the donor and the first acceptor pRyle.the our FRET calculations. In the determination of the theoretical
distance between the same donor and the second accBpisrthe - .

distance between the donor and the third acceptor probe. efficiency of transfer for the distances between C85 and C32,

we corrected thdx, values for the probe pairs due to the
quantum yield of the fluorophores when bound to C85. In increase in quantum yield when the donor probe is linked to
the presence of acceptor-labeled L12, the lifetimes of the C85.
donors decreased and the efficiencies of energy transfer Once the theoretical efficiency of transfer has been
ranged from 5 to 8% (Table 2). calculated for each arrangement, one can calculate the
Distances between C85-C32 and C122-C3# published  transfer efficiency of the whole solution, which is the sum
crystal structure of the tetramer of L123) reveals distances  of the transfer efficiency of each arrangement multiplied by
between the modified residues within the two full-length L12 its probability (eq 1). Assuming a random association of the
molecules plus two N-terminal domains. The N-terminal L12 monomers, the probability for each arrangement (Figure
fragments of the structure lack ordered residues for the upper2a) is a function of the acceptor molar fraction (0.9 in these
hinge region and the C-terminal domains and thus do not experiments). The values obtained range from 13 to 19%
reveal positions of residues 85 and 122 in these molecules transfer efficiency and are given in Table 2.
No acceptor probe is located on the monomers labeled with  Using the same approach, one can calculate the expected
the donor probes and vice versa. Therefore, the referenceransfer efficiencies for the two possible configurations of
distances from the crystal structure are between C85 or C122dimers. In these cases, the number of possible arrangements
of a reference molecule (one of the full-length molecules of of donor-acceptor pairs is reduced to 4 as illustrated in
the crystalline tetramer) and the C32 residues of the otherFigure 2b. For the parallel dimer, theoretical efficiencies of
three monomers of the tetrameric assembly (the other full- transfer ranging from 8 to 17% were obtained.
length molecule and the two N-terminal fragments). These For the antiparallel dimer, similar to the tetramer case,
distances were 33, 34, and 35 A between C85 and C32we assumed an absence of energy transfer between the donor
residues and 42, 45, and 46 A between C122 and C32.probe bound to either C85 or C122 in the unresolved
Taking into account the size of the probes, average distance<C-terminal domain and the acceptor probes bound to the
of 34 and 44 A for the C32-C85 and C32-C122 cases were N-terminal domains. Therefore, the contribution of these
used, respectively. On the basis of the representation of thedonors to the efficiency of transfer can be neglected, and
L12 dimer proposed by Chandra Sanyal and Liljad)( the calculated transfer efficiencies ranged from 4 to 8%
(Figure 1B), the distances between C32 and residues C85Table 2). These values are in very good agreement with
and C122 in the C-terminal domains of the two chains that the observed experimental data.
were not resolved in the crystal structure were assumed to  Subunit Exchang&ubunit exchange between fluorescein-
be too large for any significant transfer to occur (these labeled L12-C32 and unlabeled proteins was followed by
distances are in the order of 780 A). the increase in polarization with time as shown in Figure 3.
Theoretical Energy-Transfer Calculations for Tetramer As stated earlier, this increase resulted from the decrease in
and Dimer Models.Since dynamic light scattering, gel- homotransfer between the fluorescein moieties after subunit

Table 2: Lifetime and Efficiency of Energy Transfer

lifetime  distribution width FRET efficiency Eeoretical Etheoretical Etheoretical
donor+ acceptor (ns) (Lorentzian) (E) tetramer parallel dimer antiparallel dimer

L12C85-AF+ L12 wild type 4.52 0.46
L12C122-AF+ L12 wild type 4.41 0.02
L12C85-AEDANS+ L12 wild type 14.24 4.57
L12C122-AEDANS+ L12 wild type 11.43 0.72
L12C85-AF+ L12C32-TMRA 4.14 0.76 0.08 0.19 0.17 0.08
L12C122-AF+ L12C32-TMRA 4.16 0.36 0.06 0.17 0.14 0.07
L12C85-AEDANS+ L12C32-DABMI 13.20 4.03 0.07 0.17 0.14 0.07
L12C122-AEDANS+ L12C32-DABMI 10.85 0.61 0.05 0.13 0.08 0.04

aLifetime and efficiency of energy transfe) for the monomers labeled with the donor probes in the absence and presence of acceptor-labeled
monomers and theoretical efficiencies of transEr.(reiica) Calculated based on the distances measured on the L12 crystal structure for the different
modes of interactions between the monomers.
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the donors in the C-termini of the two unresolved chains
and the acceptors at position 32 are neglected. If these
residues were participating significantly in energy transfer,
the expected FRET efficiency would be even larger. To
accommodate the difference in theoretical FRET calculated
using the structure of L12 and the FRET efficiency measured
in solution, one would have to increase the distances between
residue C32 and the residues in the C-terminal domain of
M . . . . . L12 (C85 and C122) by 20 A. These results suggest that
0 2000 4030 6000 8000 10000 L12 from T. maritimais not present as a tetramer in solution
ime (s) and that the crystal structure therefore does not represent
Ficure 3:  Effect of temperature on the L12 exchange rates, the solution state of the proteins. The abnormal migration

monitored by polarization (the polarization data were normalized : . .
to facilitate comparisons). The data represent exchange rates formc L12 in analytical gel chromatography, which supported a

temperature of 20C (a), 25 °C (O), 30 °C (¢), 35°C (v), and tetrameric arrangemerttZ), was also observed by Hamman
50 °C (d). The solid lines represent the single-exponential model and Jameson (unpublished results) for L7/L12 friéncoli,
fitted through the data set from which the rate constants were which is known to form dimers in solution (e.g., r&f).

calculated. This unusual migration is presumably due to an elongated

o
@

o
[

o
IS

o
[N}

Normalized polarization changes

o
o

5 average shape of the proteins in soluti@Q@)(rather than
the presence of tetramers. Also, the results obtained by
-6 1 chemical cross-linking could represent transient association

of the dimers that were trapped by the cross-linking agent
and therefore would not be an accurate representation of the
state of the proteins in solution at the concentrations used in
the present study. Specifically, the cross-linking experiments
9] o were carried out using L12 concentrations in the range of
4—10 mM (12). An elongated dimeric arrangement fér
-10 . . . . coli L7/L12 in solution has recently been visualized by NMR
3.0e-3 3.1e-3 3.2e-3 3.3e-3 34e-3 3.5e-3 analyses :(0)

lEeatipesative () Because the FRET data did not support a tetrameric
FiGure 4: Rate constants for the L12 monomer exchanges as aarrangement of L12, we considered two possible dimerization

function of the temperature. The data were calculated from the . - . L
exponential curves in Figure 2. The slope of the regression line modes of the proteins. In the first mode, the proteins exhibit

fitted through the data gives an estimated energy of activation value & parallel alignment of the two N-terminal domains and the
of 24 kcal mot™. hinge regions adopt an-helical conformation, which is

o ) intimately involved in dimerization. Such dimers display a
exchange. The polarlzatlon correspondmg to complete ex- compact shape. When the expected FRET efficiencies are
change was determined at the plateau region. At (the calculated for this type of dimer, the data obtained 18%)
plateau was only reached after 22 h. However, when the gre in much better agreement with the observed values in
temperature of the samples was raised, a proportionalso|ytion (5-8%) than those obtained in the case of the
increase in the rate of L12 monomer exchange was observedietramer. However, these values are still too high by a factor
The rate constants for the exchange were calculated basegf 2 |n the second dimerization mode, the proteins adopt
on fits to single-exponential models and are shown in Figure 4, antiparallel alignment of the two N-terminal parts,
4. From the slope_: of_this Arrhenius plot, one can calculate allowing an extensive movement of one of the C-terminal
the energy of activation to be about 24 kcal niol domains. Assuming no transfer between the unresolved
C-terminal portions of one subunit and labeled C32s in the
N-terminal part of either subunit, the expected FRET

In 2000, Wahl and colleagued3) suggested thaf. efficiency for this configuration was-48%, in very good
maritimalL12 formed tetramers in solution compared&o agreement with the observed efficiency in solution. Our data
coli L7/L12, which is known to form dimers2Q). This therefore support this latter dimerization mode of the
suggestion was supported by a crystal structd:®, (but maritimalL12 proteins. The arrangement that we suggest for
solution measurements were based on hydrodynamic meththe solution state of L12 thus resembles a previous proposi-
ods (L2), which are inherently prone to uncertainty because tion (14) and demonstrates that similar structures ag.in
of shape factors. A clear understanding of the solution coli L7/L12 exist in solution {0). However, unlike theE.
conformation ofT. maritimaL12 could have implications  coli case, one molecule of the maritimadimer seems to
that bear on the evolutionary differences between L12 exhibit ana-helical, recoiled hinge region. Whether this
molecules from different species and may also be relevantconformation persists on the ribosome remains to be
to their interactions with ribosomal protein L10. To study demonstrated.
the quaternary structure @f maritimalL12 in solution, the Having established the dimer nature of the L12 interaction,
protein was labeled with fluorescent probes and subjectedwe investigated the rate of subunit exchange between labeled
to FRET analyses. The amount of energy transfer expected cysteine mutants of. maritimalL12 and wild-type proteins.
based on the crystal structure in a tetramer configuration, isIn E. coli, L7/L12 is able to undergo rapid subunit exchange
much higher (13-19%) than the observed FRET in solution (within a few seconds)9). To our surprise, the rate of
(5—8%). This conclusion is true even when transfers between exchange of L12 fronT. maritimawas found to be much

-8

Ln(rate constant)

DISCUSSION
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T. maritima -MTIDEI IEATEKLTVSELAELVKKLEDKFGVTAAAPVAVARRPVAGARAGAAQ
E. coli SITKDQIIEAVAAMSVMDVVELI SAMEEKFGVSARAAVAVARAGPVE----~-- AR

4 11 24 28

Ficure 5: Stereoplot of the NTD dimerization region Th maritimalL12. Ribbons of the two NTDs are in gray and wheat color. A
semitransparent surface for one monomer is shown and color-coded by atom type (carbon, gray; nitrogen, blue; oxygen, red; and sulfur,
orange). It is obvious that the central contact area between the monomers is composed of carbon atoms (gray surface in the center), which
maintain extensive hydrophobic interactions between the subunits. Four salt bridges are seen in this arrangement (- - -); the residues involved
are labeled. The inset on the top shows an alignment of the N-terminal sequence of the L12 proteifisrfrariiimaandE. coli. The

amino acids in red represent hydrophobic residues. The arrows point at the charged residuearitimal12 that are involved in the

four salt bridges. The sequence alignment was obtained with ClustalW.

slower (several hours). Although maritimahas an optimal It has been demonstrated in tke coli case that the hinge
growth temperature of 8€C, far above the viable temper- region shows only a very weak tendency to adopt a helical
ature forE. coli, the T. maritimaL12 proteins are highly  structure 10). Thus, in theE. coli case, one groove of the
homologous to L7/L12 fromE. coli (64.7% sequence five-helix bundle, through whicfT. maritimaL12 dimers
identity). Interestingly, the lowest sequence identity is found are maintained, would be left unoccupied, leading to a
in the N terminus, the site of L12 dimerization-47% reduced stability. Consistent with this model, a higher helical
sequence identity in the N-terminal region compared to content has been detected by circular dichroism measure-
~71% sequence identity for the rest of the protein). Possibly, ments inT. maritimalL 12 than those in th&. colihomologue
the sequence differences in the N-terminus region stabilize (12). Experiments are underway to address these questions.
the interaction betweem. maritimalL12 monomers. Such
stabilization would therefore allow this L12 protein to ACKNOWLEDGMENT
function at high temperatures. As illustrated in Figure 5, most
of the interactions between the N termini of the monomers
are due to hydrophobic residues (Figure 5). All except one
of these hydrophobic residuesTn maritimacorrespond to
a hydrophobic residue i&. coli. However, inT. maritimag L Moller. W. and Widd 1. (1967) Eractionation studies of
i a1 in i e i . Moller, ., an laaowson, J. ractionation stuaies o
I\(/JVL(j)r r:?::}%?ﬁ;g?gflpgiel Ir:<|2(:1n|(;:]r(;teKrg§t)IOEIS (?;TWE;?:T L the ribosomal proteins frorg. coli(, J. M)ol. Biol. 24 367-374.

! ' ! \ - ’ i 2. Terhorst, C., Moller, W., Laursen, R., and Wittman-Liebold, B.
and K24 are replaced by alanine residues (inset of Figure (1973) The primary structure of an acidic protein from 50S
5), resulting in the absence of four ionic bonds. Therefore, ribosomes ofE. coli which is involved in GTP hydrolysis
we suggest that these ionic bonds are to some extent dependent on elongation factors G andELy. J. Biochem. 34

: - 138-152.
responsible for the stronger association and the lower g3 Zecherle, G. N., Oleinikov, A., and Traut, R. R. (1992) The

The authors gratefully acknowledge John Croney for his
useful comments on the manuscript.
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