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Abstract NMR measurements can give important infor- truncation of a 44-amino acid segment at the C-terminus.
mation on solution structure, without the necessity for aAnalysis of residual dipolar coupling measurements shows
full-scale solution structure determination. The C-terminalthat the overall topology of the solution structure is com-
protein binding domain of the ribosome-associated chappletely inconsistent with both structures. Dynamics analysis
erone protein trigger factor is composed of non-contiguousf the C-terminal domain using.J T, and heteronuclear
parts of the polypeptide chain, with an interpolated prolyINOE parameters show that the protein is overall rather
isomerase domain. A construct of the C-terminal domain ofexible. These results indicate that the structure of this
Escherichia coli trigger factor containing residues 113-149 domain in solution resembles the X-ray crystal structure of
and 247-432, joined by a Gly-Ser-Gly-Ser linker, istheE. coli protein in secondary structure and at least some
well folded and gives excellent NMR spectra in solution.tertiary contacts, but that the overall topology differs in
We have used NMR measurements on this construct, and @olution, probably due to structural uctuation.

a longer construct that includes the prolyl isomerase

domain, to distinguish between two possible structures foKkeywords Chaperone Trigger factor-

the C-terminal domain of trigger factor, and to assess th€-terminal domain Peptide binding domain

behavior of the trigger factor C-terminal domain in solution. Crystal structure comparison

Two X-ray crystal structures, of intact trigger factor from

E. coli (Ferbitz et al., Nature 431:590-598)04), and of a

truncated trigger factor fromVibrio cholerae (Ludlam  Introduction

et al., Proc Natl Acad Sci USA 101:13436-134£004)

showed signi cant differences in the structure of the The rst chaperones that a newly synthesized protein chain
C-terminal domain, such that the two structures could not bencounters are thought to be bound to the ribosome. Trigger
superimposed. We show using NMR chemical shifts andactor, a chaperone protein frok coli, has been shown to
long range nuclear Overhauser effects that the secondahind to the large subunit of ribosomes with a 1:1 stoichiom-
and tertiary structure of th&. coli C-terminal domain in etry, and has been proposed as one of the rst chaperones
solution is consistent with the crystal structure of heoli  encountered by a nascent peptide. The N-terminus of a newly
trigger factor and not with th&. cholerae protein. Given synthesized protein binds to trigger factor while it is still
the similarity of the amino acid sequences of theoli and  attached to the ribosome. The trigger factor—nascent protein
V. cholerae proteins, it appears likely that the structure of complex subsequently dissociates from the ribosome,
the V. cholerae protein has been distorted as a result ofallowing the protein to be handed off to other cytosolic
chaperones, such as the DnaK system (Hesterkamp et al.
1996 Deuerling et al1999 Bukau et al2000.

Y. Yao - G. Bhabha G. Kroon- M. Landes: H. J. Dyson k) Trigger factor has a modular structure consisting of
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Bukau 1996 identi ed initially by sequence homology unfolded peptides, inferred from tHe coli trigger factor
with FK506-binding protein (Callebaut and Morn@895,  structure (Fig.1a) is not seen in th¥. cholerae structure
and a C-terminal domain, the putative binding site for(Fig. 1b). The PPlase domains of the two structures
nascent peptides (Hesterkamp et1#897). Much work has  superimpose perfectly (Fidc), and the ribosome-binding
been done to characterize the PPlase domain of triggefomains show small differences (Fitd). However, the
factor from a number of organisms. Interest has been pastructures of the C-terminal domains (Fitg and f) differ
ticularly high in this domain because, for some primitive radically, to the extent that they cannot be superimposed.
organisms, it represents the only proline isomerase activitfhe crossing angle between the rst two long helices (helix
present in the genome (Bang et &000. Thus, trigger 2 and 3) in the C-terminal domain is different by nearly 90
factor is thought to be one of the earliest chaperones téheavy helices in Figle, f), and the loop between these
have evolved. helices is in an entirely different position, in close prox-
A considerable amount of structural information hasimity to and facing the ribosome binding domain in the
been published on trigger factor domains, as well as th&. coli structure (Fig.la) and close to the PPlase
complete protein (Vogtherr et aR002 Kristensen and domain (away from the ribosome binding domain) in the
Gajhede2003 Ferbitz et al.2004 Ludlam et al.2004. V. cholerae structure (Fig.lb). The differences in the two
These structures are illustrated in Fig. Interestingly, C-terminal domain structures should give rise to charac-
there are signi cant differences between these structurederistic features in NMR spectra, without the necessity for a
particularly in the C-terminal peptide-binding domain time-consuming full-scale solution structure calculation.
(blue/cyan). The “cradle” for accommodation of the Questions that can be resolved in such a study include: Is

A

Fig. 1 (@) The structure oE. coli trigger factor (Ferbitz et aR004). structure is shown in red. The loop between helices 2 and 3 of the
(b) Vibrio cholerae trigger factor (Ludlam et aR004. The ribosomal  C-terminal domain is labeled, as is the peptide-binding “cradle”
binding domain (residues 1-111) is in gray, the PPlase domaiidenti ed by Ferbitz et al. 2004. (c) Superposition of the PPlase
(residues 151-242) is in magenta. The linker sequences between tdemains fromE. coli and V. cholerae trigger factors. ¢) Superpo-
C-terminal and PPlase domains are in green. The sequence betwesition of the ribosome-binding domains froi coli andV. cholerae
residues 112-148, which connects the ribosomal binding domain antligger factors. In parts andd, the lighter colors represent tiie coli

the PPlase domain, and which is folded as part of the C-terminahnd the darker colors thé cholerae trigger factors. €, f) C-terminal
domain, is shown in cyan. The part of the C-terminal domain commordomains fromE. coli andV. cholerae trigger factors (colors the same

to both crystal structures (residues 250-379) is shown in blue. Thas pari). Helices 2 and 3 of the two structures are shown with thicker
part of the C-terminal domain that is missing from tWecholerae lines
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the secondary structure consistent with tBe coli or  acquired at 20C on Bruker DRX600 with cryoprobe and
V. cholerae structure in solution? Is the C-terminus of the AVANCE 900 spectrometers. Spectra were processed with
protein (red in Fig.1) necessary for the folded structure of NMRPipe (Delaglio et al1995, and analyzed with NMR-
the protein? Are the tertiary structure and interdomainView (Johnson and Bleving994). Proton chemical shifts
contacts in solution consistent with one or other of thewere referenced to external DSS at 0 ppifC and **N
structures? Are the orientation of the helices consistenthemical shifts were referenced indirectly using absolute
with the crossing angles in Fige and f? We have frequency ratios.

addressed these questions using NMR measurements of theResidual dipolar coupling measurements were acquired
trigger factor C-terminal domain in solution, and concludedunder the same conditions (buffer, temperature, pH) as
that the trigger factor C-terminal domain shows greaterabove on the Bruker AVANCE750 spectrometer. Isotropic
consistency in secondary structure and tertiary contactsamples were at a concentration of approximately 0.8 mM
with the E. coli X-ray structure (Ferbitz et ak004 than in 0.5 ml of NMR buffer. Anisotropic samples were
the V. cholerae X-ray structure (Ludlam et akR004), but  obtained using 8% stretched acrylamide gels (Sass et al.
that the structure in solution is most probably dynamic2000. These gels were prepared, washed for 5 days,

rather than xed in a single conformation. dehydrated at 3T and rehydrated overnight with 0.6 ml
isotropic sample!®N 2D IPAP (Wang et al1998 exper-

Materials and methods iments were used to obtain residual dipolar couplings but,
due to the size of the protein, the standard IPAP experiment

Protein expression and puri cation gave ambiguous results, with missing anti-phase peaks and

low signal/noise. Better results were obtained using stan-
The genes for TIG(113-432) and TIG(113-4350-246) dard*>N HSQC (Norwood et al1990 and TROSY (Yang
were cloned into a pET21a vector using standard methodand Kay1999 experiments, both of which gave excellent
Triple 2H/*C/**N labeled proteins were prepared by growing spectra. Data were processed in NMRpipe (Delaglio et al.
transformedE. coli BL21(DE3) in minimal medium in 1999 and analyzed using NMRView (Johnson and Blevins
99.99% RO with 1>NH,CI/(**NH,),SO, and**Cs-glucose as  1994. RDCs were calculated for each cross peak from the
the sole nitrogen and carbon sources. Cells were grown glifference of the TROSY peaks for isotropic and aniso-
37 C, induced with 1 mM IPTG at an QJg,of ~0.7, and  tropic media, and the RCSA, calculated from the difference
induced at 15C. Cells were harvested at an @gof ~1.8, of the HSQC peaks for isotropic and anisotropic media:
suspended in lysis buffer (20 mM Tris pH 7.5, 150 mM NaCIRDC = (Adrrosy — RCSA)*2 (Tate et al.2004. Theo-
and 20 mM imidazole), and lysed by sonication. The lysedetical RDC values of both structures were calculated using
cells were centrifuged and the supernatant was loaded ontothe program PALES (Zweckstetter and B2R00).
15 ml Ni-NTA column. Protein was eluted from the column ~ T; and T, relaxation measurements were obtained at
with elution buffer (20 mM Tris pH 7.5, 150 mM NaCl and 750 MHz using published pulse programs (Farrow et al.
200 mM imidazole). Elutions were combined, diluted down1994. For T, experiments delays of 10* 40, 80, 160,
to 35 mM NaCl and further puri ed througha 10 mlQ-Hitrap 240, 400%, 800, 1,200* and 2,000 ms were used. For T
column with a linear gradient of buffer (20 mM Tris pH 7.5, experiments delays of 6*, 10, 14*, 18, 22, 34*, 42, 50, 62,
2 mM DTT, 1 mM EDTA and 0.6 M NaCl). The yield of 74*, 98, 122* and 162 ms were used. For the heteronuclear
puri ed soluble TIG(113-432) and TIG(113-48250-246) ['H]-""N NOE measurements (3 complete independent
in theE. coli expression system are about 20 mg/l culture. determinations), saturated and unsaturated spectra were
recorded in an interleaved manner. Delay times with an
asterisk indicate that experiments with these delay times
NMR spectroscopy were repeated. Data were processed using NMRpipe and
analyzed using NMRView and the program Curvet
Fractions containing TIG(113-43250-246) from the Q (Mandel et al.1995.
column were combined, concentrated and dialyzed against
the NMR buffer (10 mM Tris pH 6.8, 50 mm NacCl, 2 mM
DTT, 1 mM EDTA). NMR samples were at a concentration Results
of approximately 1 mM in 0.5 ml of NMR buffer containing
95% H,0/5% D,0. 2D *®N-*H TROSY (Pervushin et al. Design of C-terminal domain constructs
1997, 3D TROSY-based deuterium decoupled HNCAof E. coli trigger factor
(Salzmann et atl998, HN(CA)CB and 4D">N HSQC-NO
ESY-HSQC (Tugarinov et aR002) were recorded to obtain Both crystal structures show that the C-terminal domain of
sequence speci ¢ backbone assignments. All spectra wette trigger factor protein contains parts of the amino acid
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Fig. 2 Alignment of the amino acid sequences &f coli and  for the freeV. cholerae structure (Ludlam et aR004). The black box

V. cholerae trigger factor. Colored boxes on the sequences corresponghdicates residues missing from thé cholerae structure. Small

to the regions of the structure shown in Fig. 1. The nal 44 residues oftircles and lines indicate examples of close contacts inferred from
the V. cholerae sequence (no box) were not present in the constructoordinates of the two structures. Asterisks and dots below the
used for crystallization (Ludlam et aR004. Symbols under the sequences indicate residue identity and homology, respectively,
sequence indicate helices (red/yellow) ¢Fstrands (blue) for between the two sequences

the ribosome-bound. coli trigger factor (Ferbitz et al2004 and

sequence that are not contiguous (Fijy. This is illustrated  constructs were made, TIG(113-432) and the full-length
in Fig. 2, in which the sequence is colored according to theprotein TIG(1-432). The full length protein gave an NMR
structural units shown in Fidla. In order to study the spectrum that indicated it was aggregated (data not shown).
solution structure of the C-terminal domain, constructs ofThe *H-**N TROSY-HSQC spectrum of TIG(113-432) is
the E. coli trigger factor protein were prepared corre- excellent, as shown in Figa. In addition, the protein runs as
sponding to the proteins used in the two crystal structurea monomer on gel ltration columns, the expression yield of
(Ferbitz et al.2004 Ludlam et al.2004). folded protein and the yield of pure protein are excellent, and
Constructs TIG(113-389) (C-terminal and PPlasethe protein is soluble at least to 7@®, which is out-
domains, excluding the C-terminal 53 residues not visiblestanding for a protein of this size. However, the size of the
in the V. cholerae structure) and TIG(1-389) (full-length protein is large—a total of 319 amino acids, with a molecular
protein, minus C-terminal residues not visible in theweight of 38 kDa—leading to inevitable overlap in some
V. cholerae structure) were well expressed, soluble andregions of the spectrum. In order to facilitate the resonance
well-behaved in solution, but gave poor NMR spectra,assignment process, we prepared a truncated version of the
indicative of incomplete folding. We reasoned that, con-C-terminal domain, TIG(113-42?50-246), where the
sistent with theE. coli structure, the C-terminal 43 residues PPlase domain was excised and replaced with a short linker,
might be required for structural stability. Two alternative with sequence Gly-Ser-Gly-Ser. This construct expressed

Fig. 3 (a) 600 MHz clean- B . -
TROSY spectrum of TIG w2e S0 - =
(113-432). §) 800 MHz i e
HSQC spectrum of TIG - TR L _oF
(113-432150-246), e -
showing selected assignments - 0 ;33:- =
335 1 P e 2 > =207
c8 - R S
133 118 2780 @-¥EE -1
- - s1gw LT '.“’.-i'!'. t 4 Sa4
- =434 07" . B ’\ 310
- 3620°0 ('13(;40 P
i 126= 354 32 <t
130 = e = . 304 *417
- et - 2E——— ozl T,
1 1 L 1 1 1
10 9 8 7 10 9 8 7
1
H ppm H ppm
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IS
I

CA Secondary Chemical Shift
<— [-strand a-helix —>

6 p-strands are observed, stchl between residues 125 and
132 and strand 2 between 416 and 421. A total of 8 helices
- the amino acid sequence in Fig, which also shows for
comparison the 8 helices observed for the structure of
0 E. coli trigger factor (Ferbitz et aR004) and the 6 helices
] of the structure of th&/. cholerae trigger factor (Ludlam
-2 et al. 2004. In most cases, the helices inferred from the
solution NMR chemical shifts are located in the same parts
0 TN U T T 0 B N B S A the NMR studies show unequivocal evidence for well-
13 149 247 300 350 400 formed helical angs-structure in the C-terminal section of
Residue Number the protein, which was present in tle coli structure but
Fig. 4 Plot of secondary Cchemical shifts (observed chemical shift not in theV. cholerae structure. An "f‘ddltlona,l helix was
minus sequence-corrected random coil chemical shift) versus residu@dserved by NMR at the very-@rminus, residues 426—
number for the single-domain C-terminal construct TIG(113-432, the site of an irregular helix in tHe. coli structure

is observed in the set of assigned residues, mapped onto
i - of the sequence as in both crystal structures. Signi cantly,
432A150—246) (See Fighla)

extremely well in soluble form and we were able to obtain

excellent well-resolved spectra (Figb). The cross peaks in Contacts between secondary structure elements

Fig. 3b can be almost exactly matched with a subset of thosi& solution

in the spectrum of the 2-domain construct in Fig. This

observation is consistent with the idea that the domains dfigure 2 shows the contacts between secondary structure

trigger factor are independently folded, and that there is littleelements predicted by the structures in Fig.and b. The

or no contact between the PPlase domain and the C-termin¥l cholerae structure (Ludlam et aR004) predicts contacts

domain, as seen in thE. coli structure, rather than the between the PPlase domains and residues in the vicinity of

interdomain contact between the PPlase domain and the log@®95 (helix 3) and also between the sh@rstrand at resi-

between helices 2 and 3 seen in thecholerae structure. dues 123-125 and residues in the vicinity of 300. By
contrast, for theE. coli structure (Ferbitz et al2004),
contacts are predicted between the t@wstrands at resi-

Resonance assignments for TIG(113-4320-246) dues 127-129 and 418-421. Since these contacts are
appreciably different, they can serve better than the simple

About 80% of the backbone resonance assignments dfcation of secondary structural elements to distinguish

TIG(113-432150-246) were readily made using standardbetween these two structures as models for the structure in

triple resonance techniques. The assigned residues includelution. We observe long-range NOEs between residues in

the complete non-contiguous region 113-149, the GSG#e vicinity of 128 and 420. This is illustrated in Fi@.

linker, and residues 264—-269, 276-313, 322—-326, 334-37Bhese NOEs de ne a parallel two-straifdsheet structure

and 382—-432. Consistent with both crystal structures showoonsistent with theE. coli crystal structure (Ferbitz et al.

in Fig. 1, the majority of the domain is helical, according to 2004, but not with theV. cholerae structure (Ludlam et al.

a plot of C' secondary chemical shifts (Fig). Two short  2004).

120 130 140 149 247 260 270 280 290 300 310
. BB B VK VB oA DL DL R S0AS £L FAE TR GVEDG S VEC AR RME B AT NRYES QA EGLVKAND TOVEAAL DS IOVLEAQAA
E. coli (crystal) T E——————————  =————u
V. cholerae (crystal) = —_— =_— e ) e—
. [——— I — — e —
E. coli (NMR) e —
320 330 340 350 360 370 380 390 400 410 420 430
E. cofi (crystal) N ——] =]
V.cholerae (cTystal) NN [N S
E coli(NMR) 1 imm aasssss = SSSSSSS— S S S S—

Fig. 5 Location of secondary structure observed for the TIG(113-resonance assignments not made). The secondary structure found in
432A150-246) construct. The amino acid sequence is shown outlinethe analogous regions of the two X-ray crystal structures is shown,
in boxes colored according to Figs. 1 and 2. The GSGS linker iswith red and blue indicating:-helix and $-strand, respectively, and
underlined. Secondary structures obtained from NMR chemical shiftblack showing the residues absent from tWe cholerae X-ray

are shown in the bottom line (red:-helix; blue: g-strand; black:  structure
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A 4D NOESY (HN, N of K127) 4D NOESY (HN. N of 1129) structures was caused by the inherent dynamics of the
18 18} . . molecule, we measured;Tand T, relaxation parameters
120 . 120 - mz.’ " and heteronuclear NOEs for TIG(113-4R50-246). The
122 , 122+ s average heteronuclear NOE is 0.68, signi cantly lower
F& |l Tarel I, K20 124 K42?;"’ * than expected for a well-structured protein (usuaiy.8),
126 Ea19 126 | "N 29 and there are several regions that show groups of particu-
128 ‘ 128 N larly low values (Fig.7a). These include residues 130-140,
130 K1zz' 130 ‘421 141-150 and 365-385, as well as an area of sparse data
TE7 ) S N T3 around residue 320. A loop region between residues 415-
9.0 8.0 7.0 9.0 8.0 7.0 . T .
Hoprm Hopm 423 also shows evidence of exibility on a ps—ns timescale,

with heteronuclear NOE values of 0.6. The values are

B color coded and plotted onto thHe coli X-ray structure,

H H‘. [e] H He o] H
C : G C : G - - ) ’
u/‘ ”\8/N hrd \um‘“g/N b N with spheres of varying radius showing the extent of
\,ﬁ’fH/g H\ HH/O’H ° motion. The § parameters (Figrb) indicate that motion
kN\1(2;7/C\N /gs\c /‘Nwég/c on the us-ms timescgle is Iimitgd tg a few areas that. may
H 6 A represent points of hinge-bending in large-scale motion of

Fig. 6 (a) Planes from a 600 MHz 4-dimensional NOESY Spectrum’subdomaln_s of this molecule. Apart from the terrmm, there
showing long-range NH-NH NOEs that delinefiisheet connectiv- a'€ Ve residues (149, 299, 323, 361 and 403) with above-
ities between residues 127-129 and 418-4BpSghematic diagram average 7} values. Residue 299 shows outlying values for
showing the connectivities mapped onto the two amino acidT, and heteronuclear NOE as well as fog. Trigure7c
sequences shows that this residue forms part of a cluster of residues
associated with the N-terminal non-contiguous sequence of
Residual dipolar coupling measurements the protein. The high amplitude and heterogeneous time
scales of the motions of this region may be due to the
Residual dipolar couplings (RDCs) for the nitrogen-amidenature of the construct used, since this is the area where
proton (NH) and nitrogen-carbonyl (NC) vectors were meathe PPlase domain would normally be inserted. However, the
sured to obtain alignment tensors and deduce the relativepectra of Fig3 show that these two domains appear to be
orientation of the helices within the C-terminal domain. largely independent, with little contact in solution. The
There is no correlation of the experimentally determinedmotions around residue 299 may therefore re ect phenomena
RDCs with theoretical couplings obtained (Zweckstetter andhat occur in the intact molecule, providing a rationale for the
Bax 200Q Zweckstetter et al.2004 for the C-terminal presence of a heterogeneous conformational ensemble in
domain of either X-ray structure (Ludlam et aD04 Ferbitz  solution. Another indication of interdomain motion is the
et al. 2009 (data not shown). A good correlation betweenlocation of two of the residues with increasegivilues at the
observed RDCs and those derived from an independentiytersection of two of the helices that cross in Eheoli X-ray
calculated structure is an indication that the (unknown)structure. This is illustrated in the inset to Figb.
structure of the molecule giving rise to the RDCs corresponds
well with the model, but a poor correlation does not neces-
sarily indicate that the structures do not share commomiscussion
features (Simon et al2005. In addition, dynamics and
exibility can cause local averaging of RDCs to the point that Our results suggest that the structure offtheoli C-terminal
correlation with structure is obscured. Taking into accoundomain in solution is not consistent with the truncated
trigger factor’s biological role as a chaperone for many dif-V. cholerae crystal structure. Our evidence for this includes
ferent protein molecules, we hypothesized that the poorrstly the observed lack of a stable folded structure in solution
correlation of the data for the protein-binding C-terminal for constructs lacking the C-terminus, whereas the constructs
domain with either crystal structure may be due to the preseontaining the C-terminus, both the two-domain construct
ence of multiple different conformations in solution. TIG(113-432) and the C-terminal domain alone TIG(113-
432A150-246) are well-folded and give NMR spectra con-
sistent with each other. Our results indicate that the construct
Relaxation parameters indicate exible regions of TF with the PPlase domain excised, but including the entire
C-terminal domain C-terminal sequence, shows secondary and tertiary structure
that is consistent with thg. coli structure, but not with the
In order to determine whether the lack of correlationV. cholerae structure. The RDC measurements for TIG(113—
between the measured RDC data and the two crysta132A150-246) are not consistent with either X-ray structure.
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A Why are the two crystal structures of the C-terminal
domain of trigger factor so different? The protein sequen-
ces are from different organismg&. coli in the NMR
measurements and in one of the X-ray structures, and
V. cholerae in the second X-ray structure, but this factor
should not greatly in uence the three-dimensional struc-
tures, since these proteins have highly homologous amino
acid sequences (Fi@) (71% identical, 77% homologous
over the entire 432-residue sequence, 74% identical, 75%
homologous in the C-terminal domain alone, and even 64%
identical and 74% homologous in the C-terminal sequence
B that was truncated in th¥. cholerae protein). The most
f'r"h' j"q likely explanation for the observed differences between the
0.8 \ :'* two X-ray structures is the absence of the C-terminal 44

3;4133) 4 residues that were truncated from tWecholerae protein

06 égfﬂm used for structure determination (Ludlam et 2004. We

0.8

0.6

0.4

{"H}-"N NOE

0.2

0.0
120 140 280 300 320 340 360 380 400 420

\_\,

nd that these residues are critical for folding & coli
04 ‘ trigger factor into its native conformation: NMR spectra of
truncated constructs indicated that they are unfolded, and a
0.2 trigger factor mutant lacking the C-terminal 53 residues is
functionally inactive: the truncation of these residues has
been shown to result in complete loss of trigger factor
120 140 280 300 320 340 360 380 400 420 chaperone activity in vitro and in vivo (Merz et &006).
Residue Number Our results imply that this loss of function is due to
improper folding and inability to adopt the correct native
conformation. These observations provide an example of a
case where crystallization conditions and crystal packing
forces appear to have stabilized a structure that is not
representative of the solution conformational ensemble of
the protein.

Signi cantly, our residual dipolar coupling measure-
ments do not show a good correlation even with Eheoli
crystal structure. We initially set out to discriminate
orientations of the helices in both structures using RDCs.
However, our RDC data for two independent vectors is
inconsistent with theE. coli crystal structure. From the
Fig. 7 (a) HeteronucleariH]-*°N NOE values as a function of residue relaxatlon data, we see the_lt the C-terminal doma_ln IS q_UIte
number. Background is shaded red (N@.4), orange (0.4 NOE <  €xible on a number of time scales, perhaps including
0.5), yellow (0.5< NOE< 0.6), green (0.6 NOE<0.7), blue large-scale hinge-bending motion of subdomains within the
(0.7 < NOE < 0.8) and violet (NOE> 0.8). b) Measured relaxation mpglecule, which could be responsible for the presence of a

time T, as a function of residue number. Residues with values above th
horizontal line at 0.33 s are designated by red bars. (Inset: Structure ofth%aa‘nge of different orientations of the helices, even through

E. coli C-terminal domain of trigger factor {Ferbit200427321 /idy ~ the overall topology and structural contacts remain the
showing residues that have elevated@lues as a subset of the backbone same as in thé&. coli structure.

nitrogens shown in pad). (c) Structure of the. coli C-terminal domain We show in this paper that a series of simple NMR

of trigger factor {Ferbitz200427321 /id} showing heteronuclear NOE PR
values from pare mapped onto the corresponding backbone mtrogenmeasurements can discriminate between two structures that

atoms. Colors correspond to the NOE values described impand the  differ in essential points. Two- and three-dimensional
radius of the spheres increases in inverse proportion to the NOE value MR spectra rapidly gave information on the secondary

indicate higher-amplitude motions at these sites and tertiary structure that enabled us to discriminate

between the two possible structures. In the case of the
Thisis anindication that the overall topology of this domain intrigger factor C-terminal domain, which appears to be more
solution differs from that shown in th. coli protein X-ray  dynamic in solution than would be suggested by either of
structure, or that there is conformational heterogeneity in thithe two crystal structures, the overall topology was not
domain, resulting in averaged values of the RDCs. well-described by RDC measurements. RDCs would be

T, (sec)

0.0
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