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ABSTRACT. The dimer to monomer equilibrium and interdomain separations of cysteine variants of L7/
L12 have been investigated using fluorescence spectroscopy. Steady-state polarization measurements on
cysteine containing variants of L7/L12, labeled with 5-(iodoacetamido)fluorescein, demonstrated dimer
to monomer dissociation constants near 30 nM for variants labeled at position 33, in the N-terminal domain,
and positions 63 and 89, in the C-terminal domain. A dissociation constant near 300 nM was determined
for a variant labeled at position 12, in the N-terminal domain. The polarization of a labeled C-terminal
fragment did not change over the range of 280to 1 nM, indicating that this construct remains monomeric

at these concentrations, whereas a dimer to monomer dissociation constant near 300 nM was observed
for an FITC labeled N-terminal fragment. Intersubunit fluorescence resonance energy self-transfer was
observed when appropriate probes were attached to cysteines at residues 12 or 33, located in the N-terminal
domain. Probes attached to cysteines at positions 63 or 89 in the C-terminal domain, however, did not
exhibit intersubunit self-transfer. These results indicate that these residues in the C-terminal domains
are, on average, separated by greater than 85 A. Intersubunit self-transfer does occur in a C-89 double
mutation variant lacking 11 residues in the putative hinge region, indicating that the loss of the hinge
region brings the two C-terminal domains closer together. Rapid subunit exchange between unlabeled
wild-type L7/L12 and L7/L12 variants labeled in the N-terminal domain was also demonstrated by the
loss of self-transfer upon mixing of the two proteins.

L7/L12' a 12 kDa (120 residues) protein present in four
copies (in the form of two dimers) in the 50S subunit of
Escherichia colribosomes, is essential for ribosome function

mation, state of aggregation, and ribosomal location of L7/
L12. L7/L12 is generally described as a stable dimer, but
few studies quantitatively address the relevant oligomeric

in protein biosynthesis (Mter et al., 1983; Casiano et al., equilibria. Kar and Aune (1981) described analytical ultra-
1990). Native L7/L12 possesses no cysteine, but severalcentrifugation experiments which they interpreted in terms
variants of L7/L12 containing cysteine at specific residues of monomer/dimer/tetramer equilibria characterized by equal
have been prepared and characterized by cross-linkingmonomer/dimer and dimer/tetramer association constants of
(Zecherle et al., 1992a,b; Marakov et al., 1993; Traut et al., 3.5 x 10* M~1. Conversely, sedimentation equilibrium
1993) and spectroscopic methods including both fluorescence(Méller et al., 1972; Luer & Wong, 1979, 1980), chemical
(Hamman, 1994; Hamman et al., 1996b,c) and absorptioncross-linking (Gterberg et al., 1976), low-angle X-ray
spectroscopy (Hamman et al., 1996a). Cross-linking and scattering (®terberg et al., 1976), and disulfide cross-linking
spectroscopic methods have been used to study the confor{Traut et al., 1993) studies have all indicated that L7/L12 is
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>90% dimeric at micromolar and submicromolar concentra-
tions. Gudkov and co-workers (1978, 1995) have suggested
that the N-terminal domain of L7/L12 is responsible for the
dimerization, and a coiled-coil type interaction has been
proposed (Tsurugi & Mitsui, 1991). Evidence for a parallel
alignment of the L7/L12 subunits was found by Oleinikov
et al. (1994) using zero-length cross-linking methods and
also by a study of tetramethylrhodamine dimer formation
(Hamman et al., 1996a). Recently, Gudkov et al. (1996)
reported NMR data on L7/L12 in solution which also
indicated a parallel (head-to-head) orientation of the subunits
and suggested that the N-terminal domain is comprised of
an antiparallel four-helix bundle.

Fluorescence methodologies have often been utilized to
study equilibria involving proteirligand and protein
protein interactions. Fluorescence polarization is particularly
useful in this regard since the method reports on changes in
the hydrodynamics of an appropriately labeled system and
can be used to quantify the state of oligomerization under
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equilibrium conditions (Weber, 1992; Jameson & Sawyer, (Allen, 1981) as described in the previous paper (Hamman
1995). In the present study, we have taken advantage ofet al., 1996¢). Egg white lysozyme (Sigma) was labeled for
the fact that L7/L12 lacks cysteine residues to selectively 15 min with a 30-fold molar excess of FITC in a carbonate
introduce single cysteines at specific locations along the buffer (pH 9.4), and excess unreacted probe was removed
peptide chain. Suitable sulfhydryl reactive fluorescence as described in the previous paper. The extinction coef-
probes may then be attached to these cysteine residues anficients utilized for protein bound probes were 70 000'M
used to study both the state of aggregation and dynamiccm™ (5-AF; 488 nm), 5500 M* cm™* (1,5-AEDANS; 351
aspects of the protein. Interpretation of polarization results nm), and 71 000 M' cm™* (FITC; 488 nm). The concentra-
often require time-resolved measurements, and such detertion of L7/L12 was determined by either a Coomassie Plus
minations were carried out and presented in the previous (Pierce Co.) or Bio-Rad (Bio-Rad Co.) assay. Standards
paper (Hamman et al., 1996c¢). The time-resolved fluores- were either BSA or gravimetrically quantified L7/L12. All
cence results described in the previous paper demonstrateghrotein concentrations reported here are for dimeric L7/L12.
that probes attached to L7/L12 exhibit varying degrees of Labeling efficiencies, based on the appropriate absorbances
local mobility depending upon their location. Probes at- and extinction coefficients of the bound fluorophores and
tached to the C-terminal domain, specifically in positions the measured protein concentrations, were routinely in the
C-63 and C-89 (Hamman et al., 1996c¢), and C-99 (Hamman, range of 95-100%; nonspectroscopic verification of labeling
1994), exhibit extensive depolarization due to local probe ratios of L7/L12 with fluorescent sulfhydryl probes has been
mobility as well as independent mobility of the two C- carried out previously using &*Cliodoacetamide method
terminal domains. Probes attached to the N-terminal domain,which corroborated the spectroscopic based determinations
specifically positions C-33 and C-12, exhibit global rotational (Hamman et al., 1996a).
relaxation times consistent with the molecular mass of the  pPolarization Measurements.Steady-state polarization
dimeric N-terminal domain. These observations have im- measurements were carried out using an SLM 8000 spec-
plications for the changes in polarization observed when the trofluorimeter (SLM-Aminco, Inc., Champaign, IL). Excita-
labeled L7/L12 passes from the dimeric to the monomeric tion of the fluorescein adducts was at 475 nm, and emission
state. at wavelengths greater than 515 nm was viewed through
We have addressed the question of subunit exchangeSchott 085 cut-on filters. Background due to scattered light
between labeled and unlabeled L7/L12 dimers in addition or buffer fluorescence was insignificant down to 20 nM
to determination of the dimer/monomer equilibrium. Several fluorescein; below this level, blank subtraction was utilized.
groups have recently reported studies on rapid subunitFor AEDANS adducts, excitation was at 351 nm and
exchange among populations of multimeric proteins (Erijman emission was viewed through Schott KV399 cut-on filters
& Weber, 1991, 1993; Fekkes et al., 1995; Chung & Seifried, which passed wavelengths greater than 380 nm. Concentra-
1995). Erijman and Weber (1991, 1993), for example, used tions were kept above 200 nM to eliminate the necessity for
fluorescence depolarization due to fluorescence resonancéackground corrections. In all cases, measurements were
energy self-transfer (homo-FRET) to study the rate of averaged until a standard deviation of 0.001 was obtained.
exchange of subunits in tetrameric proteins. In the presentin most cases, a dual path length cuvette (10 mm by 2 mm)
study, we demonstrate that both fluorescein and AEDANS was utilized with the emission viewed through the shorter
probes attached to positions C-33 and C-12 of L7/L12 path; at higher fluorescein concentratiorslQ «M) a 2 mm
experience self-transfer (homo-FRET) when both subunits by 2 mm cuvette was utilized to minimize inner filter effects.
are labeled and that addition of unlabeled L7/L12 leads The dissociation constants reported are averages derived from
rapidly to exchange of subunits among the labeled and results on four or more preparations for the C-63, C-89, and
unlabeled populations, resulting in loss of homo-FRET. C-33 variants. For other proteins, the results represented
These homo-FRET studies also address the issue of thehe averages of three or more different preparations.
average intersubunit distance between specific residues of Homo-FRET Measurement$luorophores which exhibit
L7/L12. small Stokes shifts, such as fluorescein, can effectively
undergo self-transfer which is readily detected by the
resulting depolarization of the emission (Gaviola & Pring-
sheim, 1924; Weber, 1960). The efficiency of energy
transfer in cases where the fluorophores are isotropically
distributed can be calculated from a knowledge of the
rbolarization in the absence and presence of energy transfer
as demonstrated by Weber (1954, 1960). In our case of one
acceptot-donor pair, the appropriate expressions for the
decay of the intensity parallel and perpendicular to the
excitation direction in the presence of energy transfer are:

MATERIALS AND METHODS

Buffers, Proteins, and RibosomesThe construction,
expression and purification of the recombinant L7/L12's were
described in the preceding paper and references therei
(Hamman et al., 1996c¢). Monomers of L7/L12 were formed
from methionine oxidation as previously described (Caldwell
et al., 1978; Gudkov & Behlke, 1978), and purification of
oxidized monomers was accomplished by gel filtration HPLC
as described in the previous paper (Hamman et al., 1996c¢).

Disulfide cross-linked dimers of the cysteine variants of L7/

L12 were formed as previously described (Zecherle et al.,
1992a,b).

Labeling, Purification, and QuantificationAll fluorescent
probes were purchased from Molecular Probes, Inc. (Junction
City, OR), and used without further purification. The
protocol used to label the L7/L12 variants with sulfhydryl
specific probes was a modification of a published method

I(t)par: (I()/3)(1+ r01(l + eﬁKt) + r02(1 — e*Kt))efrt (1)

| perp= (1/3)(L+ roq(L + € )/2 = 11 —
e "2)e ™ (2)

wherely is the initial intensity ro; andr, are, respectively,
the anisotropy decays of the donors and acceptors brify,
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the fluorescence decay rate, aldis the rate of transfer 0.22 —mrrrr—rrr—
between donor and acceptor. These expressions lead, upon 021 VIVIVSVIVIV VSV
integration, to a steady-state expression for the efficiency 0.20 | -
of energy transferf) as a function of the anisotropy in the _ 019 |0-0-0-0-0-p-g_g i

presence and absence of acceptor. S o3l B
_ T 017 - 00568500~ 4

E = 2(ro; — BOV(ros — oo (3) 5 RO S
£ 016 N %<0 4
where[iilis the observed anisotropy. In the case of random 2 015} v_v_v_v_'\ §°~0-o -
orientation, i.e., 3 cds® —1 = 0; ro = 0 and thenE = ? ouar v"‘kv\v \n .
2(rop — m0O/ro;. This case corresponds to the well-known T 013 ‘\ \v\ \ 4
approximation ofc2 = 2/3, wherex?, the orientation factor, & ol [ NN ]
is given by: 0.11 | N v\v .
.\ N
K> = (cos®,, — 3 c0sO, cosO,)? (4) z'(l)g i *~e "Nv-y]
where @y, is the angle between the direction of the two 0.08 & ; '5 '6 s L
transition dipole moments ar@; and®; are the angles of i ! 8 o
log [L7/L12]

the two dipoles with the line joining the center of the dipoles.
As pointed out by Weber (Weber, 1960; Weber & Shinitzky, FIGURE 1. Concentration dependence of the polarization of L7/
1970), homo-FRET disappears upon excitation at the red L12 variants modified in the N-terminal domain. Filled triangles

. g represent a control, FITC labeled lysozyme (1.8 fluoresceins per
edge of the absorption spectruri is in turn related td, protein); open triangles represent doubly labeled C-33-F; open

the critical distance for 50% energy transfer, and R, the squares represent singly labeled C-33-F (exchanged with a 15-fold
distance between donor and acceptor, by the following molar excess of unlabeled wild-type L7/L12); filled circles represent

equation (Foster, 1948): singly labeled C-12-F (exchanged with an 8-fold molar excess of
unlabeled and reduced C-12); open circles represent FITC labeled
h . | | d f ” . 020 { AL (LLLL LA LLLLLL AL LA AL LLLLLALEL AL U
whereRy is calculated as follows: 0.19 [o-0-0-0-0-0-0-O-0-g-1 i
R, = 97800 ‘Qc?3)"* 6) 0.18 o000
0.17 |- 4
wheren is the refractive index (in most buffers taken as 1.4), 5 016
Q is the quantum yield of the donor in the absence of s ]
acceptor«? is the orientation factor, and is the overlap % 0.15 =BT EmEmE T T R T b
integral between donor emission and acceptor absorption as e 0.4 4
calculated by: g 013 L i
3= S FR) A" AIS Fo(2) AL) ) g 0.2 - .
_ ] ) o 011k V-V-V-V-V-V-V-y-V-V~g_ o
where F4(A) is the fluorescence intensity of the donor at Vovoyo VYV Yy o VS
. o L 0.10 | Y-y Vay
wavelengthl, andey (1) is the extinction coefficient of the
acceptor at wavelength In the present case, the summation 0.09 - 0-0-0-0=0—0—0=0=0=0-0-0-0-0—0
was carried out using 5 nm interval& = 5 nm); emission 0.08 L o i b b L
spectra were corrected for instrument response parameters. 4 = 6 7 -8 9
Immunoaffinity Chromatography Polyclonal anti-fluo- log [L7/L12]

rescein antibodies were a generous gift from Dr. Edward Ficure 2: Concentration dependence of the polarization of L7/
Voss, Jr. The antibodies were conjugated to cyanogenL12 variants modified in the C-terminal domain. Open squares

bromide activated Sepharose 4B as described by Harlow andépresent C-89-F; filled triangles represent C-63-F; open circles
Lane (1988). represent C-99-F; open triangles represent Qx82:-52-F; filled

circles represent FITC labeled CTF.

RESULTS . .
were formed by subunit exchange, due to the resulting loss
Concentration Dependent Dissociation of 5-AF Labeled of self-transfer between the fluorescein moieties located on
Variants of L7/L12 The polarizations of 5-AF attached to adjacent subunits. Both singly and doubly labeled C-33
both C- and N-terminal domains of L7/L12, as a function exhibited concentration dependent polarization values indica-
of protein concentration, are shown in Figures 1 and 2. Thetive of dimer to monomer dissociation. In the case of L7/
polarization values at the highest protein concentrations vary L12 labeled with fluorescein at positions C-63 or C-89, singly
depending upon the location of the label as discussed in theor doubly labeled dimers gave the same polarization values
previous paper (Hamman et al., 1996c¢). In addition to indicating the absence of homo-FRET. A small extent of
depolarization due to rotational mobility, depolarization can homo-FRET was observed for the C-99 case. In all these
also result from homo-FRET as shown in Figure 1 for the C-terminal domain cases, the variation of the polarization
case of fluorescein labeled C-33. The polarization values as a function of protein concentration was much less dramatic
at the highest protein concentrations for the C-33-F adductsthan observed for N-terminal labels. No change in polariza-
were significantly higher when singly labeled L7/L12 dimers tion was observed for C-89-F CTF over the range of 200
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LS G s B S A 0.195 Table 1: Binding of Various L7/L12 Adducts to Anti-Fluorescein
0.9 k 0.190 Immunoadsorbant
_
o—° f 0.185 % of AF % of TMRA
08 e o/ 0,180 fluorescence fluorescence
07 _\ / e sample added to bound to bound to
e /° L 0.175 %J immunoadsorbant immunoadsorbant immunoadsorbant
. 06 -\ o - 0170 8 0.3 (or 0.6)uM C-33-F 95
S K b 0.3 (or 0.6)uM 10
s 05r¢e P 0165 2 C-33-TMRA
S04l ® - 0.160 0.3uM C-33-F exchanged 55
B o with 0.3uM C-33-TMRA
osL! ® 0155 & 0.3 (or 0.6)uM C-89-F 96
j \ L 0.150 £ 0.3 (or 0.6)uM 11
o2 "~ s S C-89-TMRA
—_ [ Y 0.3uM C-89-F exchanged 58
0.1 f °\o\'_ 0.140 with 0.3uM C-89-TMRA
[0 Y0 J S T T U Y N T T S N T SN B 0.135 a|n each case, the fluorescence spectrum of 250f protein/dye

01 23 456 7 8 910111213 1415 conjugate was measured, and the sample was then incubated with 250
Molar Excess Unlabeled L7/L12 Added uL of immunoadsorbant at room temperature .With ge.ntle mixing. The

. . immunoadsorbant was pelleted for 2 min in a microcentrifuge at
Ficure 3: Effect of adding unlabeled wild-type L7/L12 to C-33-  mayimum speed, and the fluorescence spectrum of the supernatant was
F. Excitation wavelength was 475 nm. Open circles represent the jmediately determined. Spectral areas, corrected for dilution, were
observed polarization; filled circles represent the fraction of total ;seq to quantify the fluorescence. Fluorescein was excited at 485 nm,
emission from singly labeled dimers (D) to that of doubly labeled gng rhodamine was excited at 560 nm (where fluorescein does not
dimers (DA). absorb). The values given represent averages of three separate

experiments, and standard errors &i&%.

uM to 1 nM, whereas a concentration dependent decrease

in polarization occurred in the case of FITC labeled NTF, 0.22 ——T—TTT
indicative of a dimer to monomer transition. Dimer/ _e
monomer dissociation constants were calculated using the 020 | .,._._._._._._.,,,r;;s’ 1
additivity of anisotropy principles (Weber, 1952; Jameson 018 L ° / ]
& Sawyer, 1995). g / Vi

Subunit Exchange of L7/L12 As#aled by Homo-FRET T ol6f o -
and Chromatography A rapid (half-time less than 5 s) & ° o/
increase in polarization of the 5-AF labeled C-33 variantwas & 014 _0—0—g—0-0—°" 1
observed after addition of excess unlabeled wild-type L7/ 2 o1z L /° |
L12. This observation was consistent with the previously f’fi ' P _g-o-o
reported (Hamman, et al., 1996a) rapid disappearance of g g0 L / ,g:g:n:n—n—n—nfﬂ’nsvﬂ:v i
ground-state tetramethylrhodamine (TMRA) dimers, which & o gg¥= T YV V-v-y-y=v-¥
formed between the C-33 or C-12 positions in TMRA labeled 0.08 |- .
L7/L12 variants, upon addition of unlabeled L7/L12. Figure
3 shows that the polarization of 5-AF attached to C-33 0.06 - T
increases from 0.138 to 0.160 upon addition of equimolar 004 b0 vy

unlabeled wild-type L7/L12. Addition of a 10-fold molar
excess of unlabeled wild-type L7/L12 results in a further
Increase in th_e_ polarization to 0.187. Increases in polariza- FIGURE4: Excitation polarization spectra for various C-33-F cases.
tion after addition of unlabeled L7/L12 were also observed gpen circles represenyav C-33-F: filled circles represent AM
with the C-12 and C-99 samples but not for C-63 or C-89 C-33-F mixed with 154M unlabeled wild-type L7/L12; open
due to the lack of homo-FRET for these adducts. Subunit squares represent 8 nM C-33-F; open triangles represend 1
exchange of C-63 or C-89 variants was demonstrated by Methionine oxidized C-33-F; filled triangles represepi C-33-F
immunoaffinity chromatography. TMRA labeled L7/L12 In the presence of 4 M guanidine hydrochloride.
was incubated with Sepharose 4B linked to anti-fluorescein absorption, as demonstrated by Weber (Weber, 1960; Weber
antibodies in the absence and presence of fluorescein labeled. Shinitzky, 1970). As shown in Figure 4, doubly labeled
L7/L12. The results showed that significant amounts of C-33-F is characterized by a nearly constant polarization
TMRA labeled L7/L12 were bound to the antibody labeled value (near 0.14) upon excitation at wavelengths between
Sepharose 4B only when fluorescein labeled L7/L12 was about 430 and 475 nm, but as the excitation wavelength
present, indicating that subunit exchange had occurred (Tableexceeds 475 nm, the polarization begins to rise conspicu-
1). ously, reaching a value near 0.2 upon 530 nm excitation.
Estimation of Intersubunit Domain Distances by Homo- This excitation polarization spectrum contrasts with that
FRET The homo-FRET phenomenon can be used to observed for singly labeled (after exchange with 15-fold
estimate the average distance between fluorescein moietiegxcess unlabeled wild-type L7/L12) C-33-F which maintains
on adjacent subunits. A clear demonstration that depolar-a higher polarization over the excitation range of 4305
ization due to homo-FRET occurs in the doubly labeled nm (near 0.20) and which rises only slightly above 475 nm.
C-33-F can be found in the excitation polarization spectra Monomeric C-33-F, obtained by methionine oxidation treat-
shown in Figure 4. The signature of homo-FRET is the loss ment or by addition of 4 M GuHCI, demonstrated a lower
of energy transfer upon excitation at the red-edge of the and nearly constant polarization over the excitation range

391 408 425 442 459 476 493 510 527 544
Wavelength (nm)
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Table 2: Anisotropies in the Presence and Absence of Homo-FRET
in L7/L12 Adducts: Estimation of Maximum Interprobe Distarfces

@m0 fou E  WRIA) RinA)

(A) 5-Acetamidofluorescein
C-12 0.088 0.131 0.66 40 37
C-33 0.096 0.138 0.61 40 38
C-63 0.072 0.072 0.00 40 >90
C-89 0.135 0.136 0.01 41 88
C-89A42-52 0.074 0.102 0.54 38 39
C-99 0.065 0.074 0.24 40 46

(B) AEDANS

C-12 0.049 0.053 0.15 11 14
C-33 0.051 0.057 0.21 11 13
C-63 0.040 0.040 O 11 >22
C-89 0.049 0.049 O 11 >22
C-99 0.039 0.039 O 11 >22

aWhere[@andro; are the anisotropies observed before and after
subunit exchange, respectively,is the efficiency of energy transfer
calculated using eq 3 (with, = 0), Ro[s the distance for 50% transfer
efficiency calculated from the absorption and emission spectra of the
probes as described in the text, diilly, is the calculated distance of
the probes assuming dynamic averaging, k.= 2/3. Standard
deviations for the anisotropy determinations wef@001, and the errors
associated with the distance estimates are lessHaA in all cases.

b Subunit exchange was accomplished in this case after treatment of_(GUdkov & Behlke, 1978; Gudkov et al,,

Hamman et al.

serine at residue 12 or arises as a consequence of the
attachment of the fluorescence probes. A recent report by
Bocharov et al. (1996), however, suggests that residue 12,
in the N-terminal domain, is incorporated in anhelix,
whereas residue 33 is not. This observation, coupled with
the results from the TMRA and present studies, suggests that
the integrity of thea-helices is important for the subunit
association.

The polarization data provide no evidence for tetramer
formation of the full-length protein even at concentrations
slightly higher than 10* M. Also, no change in polarization
was observed for C-89-F CTF from 2QeM to 1 nM,
indicating that the CTF remains monomeric over this
concentration range, and demonstrating that significant
interaction between C-terminal fragments does not occur in
solution. Conversely, a dimer to monomer equilibrium for
FITC labeled NTF, with &4 near 300 £30) nM, corre-
sponding to a free energy of association-.0 kcal/mol,
was indicated by the concentration dependence of the
polarization data. This result is consistent with the well-
established role of the NTD in the dimerization of L7/L12
1995). The data

the sample with 4 M GUHCI in the presence of 15-fold excess unlabeled indicate that the dimerization of C-33, which corresponds

C-89:A42-52, followed by removal of the GuHCI by Biospin 6
filtration; treatment of C-8%42—52 with GuHCI but without addition
of unlabeled protein did not affect the anisotropy.

of 430—-530 nm. To estimate the efficiency of homo-FRET,

to full-length L7/L12, is favored by 1.0 kcal/mol over that
of the NTF, which differs from full-length L7/L12 only in
that it lacks the C-terminal domains. These results suggest
either that (1) labeling of the NTF with FITC disrupts the
dimer association, possibly by interfering with one of the

we compare the polarizations (or the analogous anisotropieso-helices as suggested above for the C-12 case, or (2) the

(r), wherer = 2P/(3 — P)) observed for the case of doubly
and singly labeled proteins upon excitation at 475 nm. In

C-terminal domains provide, either directly or indirectly, to
full-length L7/L12 a free energy of stabilization correspond-

the case of C-33-F, the anisotropy values are 0.096 and 0.138ing to ~1.0 kcal/mol. Should the latter case be correct, an

which correspond t@idandr,, respectively, in eq 3. The
anisotropy values for other dimers, doubly and singly labeled
with fluorescein, are given in Table 2A. The behaviors of
C-12, C-33, C-99, and C-8842—52 are distinctly different
from those of C-63 or C-89. In the latter cases, the
anisotropies of dimers, either doubly or singly labeled with

indirect effect seems more likely than a direct interaction of
the two C-terminal domains. An indirect effect would

correspond, for example, to the C-terminal domains influenc-
ing another part of the protein, possible the hinge region. If
a direct interaction of the C-terminal domains were present,
even at the level of only 1.0 kcal/mol, one would expect to

fluorescein, are the same, whereas in the former cases thesgee more evidence of energy transfer between these domains

values are significantly different.

The critical distance Ry) for energy transfer between
AEDANS molecules is calculated to be lessi(l A) than
that for the case of fluoresceir40 A) due to the relatively
small overlap integral (eq 7) between AEDANS’ absorption

since, given their effective high local concentration due to
their tethering by the NTF, they would be in a dimeric state
the majority of the time. This situation, i.e., two C-terminal
domains tethered to an N-terminal fragment, may be
compared to the case of well characterized tethered com-

and emission. Nonetheless, as shown in Table 2B, a smallP'exes such as FAD and flavinyltryptophan. In these

extent of homo-FRET was evident in the case of AEDANS
labeled C-12 and C-33, but not in the C-63, C-89, or C-99
cases.

DISCUSSION

The concentration dependence of the polarization of
fluorescein labeled full-length L7/L12 indicates a dimer/
monomer dissociation constant near 302f nM for the
C-33, C-63, and C-89 cases and 368{B0) nM for the C-12

molecular complexes, the two partners associate with free
energies of approximately-1.0 kcal/mol and exist as
mixtures of closed forms-90% of the time and open forms
the remaining time (Spencer & Weber, 1969; Visser et al.,
1977). Time-resolved data on the mobilities of the C-
terminal domains in full-length L7/L12 (Hamman et al.,
1996¢) also indicate that there is no significant direct
interaction between these domains.

The absence of energy transfer in the case of the full-
length C-terminal (C-63, C-89) labeled L7/L12 dimers (Table

case (Figures 1 and 2). These dissociation constants cor2), suggests that these residues in the C-terminal domains

respond to free energies of association-df0.0 kcal/mol
for the C-33, C-63, and C-89 cases anfl.0 kcal/mol for
the C-12 case. A tighter association of C-33 relative to C-12
was also noted in a previous study utilizing TMRA labeled
L7/L12 (Hamman et al., 1996a). The reason for this

are, on average, well-separated. The energy transfer ob-
served with C-33-F and C-12-F, and also with C-33-A and
C-12-A (Table 2), however, demonstrates that these inter-
subunit residues are in closer proximity in the dimeric
N-terminal domain than are C-63 or C-89 in the C-terminal

difference is not, at present, known, and we cannot be certaindomains. Also, the fact that homo-FRET was observed in

if it results from the intrinsic substitution of cysteine for

the double mutation variant, C-842—52-F, which lacks
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11 residues in the putative flexible hinge region, suggests - ~90A -
that shortening this hinge pulls the two C-terminal domains

closer together, a finding consistent with the formation of
TMRA dimers in the C-8N42—52 variant (Hamman et al.,
1996a). The assignment of the distance between the fluo-
rophores in the N-terminal domain or in the C-terminal
domain in the hinge-deleted double mutant, however,
depends upon the orientation factor implied in eq 3. If one
assumeso, equal to zero (i.e.x? equal to 2/3), one finds
distances between C-33 residues or between C-12 residues
in the range of 3738 A. These values seem large
considering the previous demonstration that ground-state
TMRA dimers can form in the TMRA labeled C-33 or C-12
variants (Hamman et al., 1996a) and the formation of zero-
length cross-links (Oleinikov et al., 1993a). It may be that ~
charge and/or steric constraints impose a difference betweerficure 5: Schematic diagram indicating the flexible nature of L7/
tetramethylenerhodamine and fluorescein cases (one should-12 and the likely average relative disposition of the C- and
note, for example, that fluorescein, though capable of ground- N-términal domains.

state dimer formation in solution, shows no evidence of such . . . .
dimers in any of the L7/L12 variants so far investigated). determine the precise klnetlcs_of t_he subunit exchange of
One may also consider the problem from a different free L7/L12 and also to determine if such exchange occurs

perspective. Specifically, to calculate,, which in effect between L7/L12 free in solution and bound to the ribosome.

gives the orientation between the appropriate dipoles which  1he homo-FRET results indicate that the portions of the
result in the observed polarizations, one can use eq 3 andWo C-terminal domains containing positions C-63 and C-89

assume that the fluorophores are close enough to experienc@'®: on average, well-separated. The slight homo-FRET
complete transfer (i.eE = 1). In the case of C-33, this observgd between the C-99 positions, h_owever, suggests that
calculation gives an angle of about’51Hence, the distances ~ the regions of the two C-terminal domains containing these
listed in Table 2 represent the distances assuming dynamic€sidues, which are closer to the hinge region (based on the
averaging, i.e.«? equal to 2/3, but the actual distance X-ray structure; Leijonmarck & Liljas, 1987) than C-63 or
between the fluorophores could be much less. The AEDANS C-89, are closer to each other than are the C-63 or C-89
data suggest that some self-transfer occurs between AEDANG€sidues. These data are summarized in the schematic

moieties in the C-12 and C-33 positions even thougrRhe diagram presented in Figure 5. _Our earlier work on.the
is only ~11 A for AEDANS self-transfer. In the case of formation of ground-state TMRA dimers between N-terminal

C-terminal domain fluorophores, which give either no domain subunits but not between C-terminal domain subunits

evidence of energy transfer (C-63, C-89) or very little transfer of L7/L12 (Hamman et al., 1996a) suggested that the
(C-99), the distances listed in Table 2 are estimates based>-términal domains may be separated but did not provide
on the assumption of fast dynamic averaging € 2/3), any mformauon on the degree_ of. separation. The present
which is reasonable given the fact that the dynamic polariza- WOrk provides evidence for a significant average separation
tion results described in the previous paper indicate fastPetween the C-terminal domains which is consistent with
“local” probe motions and that the C-terminal domains have the highly flexible nature of the protein discussed in the
considerable mobility. These considerations suggest that thg®"@vious paper (Hamman et al., 1996¢c). This flexibility
homo-FRET data presented here are not inconsistent withPresumably facilitates the interaction of the two C-terminal
the TMRA data (Hamman et al., 1996a). Considering these domains of L7/L12 with other proteins on the ribosome
results, a more appropriate description of L7/L12 would be which is presumed to be related to a functional role in factor
in the form of a distribution of distances between the Pinding (Dey et al., 1995).
C-terminal domains and between the C-terminal and N-
terminal domains. Such distance distributions can, in ACKNOWLEDGMENT
principle, be calculated from in.tensity decay data in the  \We wish to thank Dr. Ed Voss, Jr., for the generous gift
presence of energy transfer (Grinvald et al., 1972; Haas etof anti-fluorescein and Drs. Gregorio Weber and Enrico
al., 1975), and work along these lines is in progress. Gratton for illuminating discussions on homo-FRET and
The homo-FRET methodologies also allowed the dem- tethered complexes.
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