10146 Biochemistry1997,36, 10146-10154

Solution Dynamics and Secondary Structure of Murine Leukemia Inhibitory Factor:
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ABSTRACT. Leukemia inhibitory factor (LIF) is a hematopoietic cytokine which elicits its effects on diverse
cell types via both gp130 and a more specific LIF receptor. Recombinant murine LIF was studied by
multidimensional homonuclear aAl—*°N heteronuclear NMR and 95% of backbone amide resonances
assigned. Definition of the secondary structure by chemical shift data and NOE connectivities shows a
four-a-helix bundle fold (helices AD) in solution, with an additional flexible turn of helix in the AB

loop. Subtle differences are seen in the conformations of helices A and D from those defined in the
crystal structure [Robinson, R. C., Grey, L. M., Staunton, D., Vankelcom, H., Vernallis, A. B., Moreau,
J.-F., Stuart, D. I, Heath, J. K., & Jones, E. Y. (1998l 77, 1101-1116]. The dynamics of the
polypeptide backbone of LIF were assessed fteiT; andT, relaxation times anéPN—H heteronuclear
NOEs of the amide groups. Using model-free formalism, the overall rotational correlation time of LIF
in solution is calculated to be 9.7 ps. The fouthelices are relatively rigid, and high mobility is observed

for N-terminal residues (Ser4Asn 21) and the AB loop. In contrast to several closely related cytokines,
the long CD loop is relatively rigid. This may have implications for interactions with the specific LIF
receptor, which binds in this region.

Leukemia inhibitory factor (LIF) was originally named  (OSM) (Bruce et al., 1992), ciliary neurotrophic factor
for its inhibitory effects on a leukemic cell line and has since (CNTF), cardiotrophin-1 (CT-1), interleukin-6 (IL-6), and
been shown to elicit pleiotropic effects on hepatocytes, IL-11, leading to similar cellular responses in the presence
adipocytes, neurons, and embryonic stem ceilsvitro of these different cytokines.

(Hilton, 1992; Bock et al., 1992). Female mice lacking @  \yrine LIF is 180 amino acids in length and is normally
functional LIF. gene cannot implant blastocysts (Stewart et glycosylatedin sivo, but is fully biologically active when
al., 1992), while both sexes show a markedly lower popula- ynglycosylated (Gough et al., 1988; Gearing et al., 1989).
tion of hematopoietic stem cells in spleen and bone marrow a recent crystal structure of murine LIF at 2.0 A (Robinson
(Escary et al., 1993). The powerful effects of LIF are et a1, 1994) has shown that LIF has a fauhelix bundle
mediated through two cell-surface receptor molecules, gp130so|g comprising helices A to D in an up-up-down-down
and LIF receptor (LIFR), which are believed to oligomerize 5010gy, homologous to the structures of growth hormone
in the presence of LIF (Gearing et al., 1992), and activate (GH) (Abdel-Meguid et al., 1987), CNTF (McDonald et al.,
intracellular tyrosine kinases (Taga & Kishimoto, 1995). One 1g995) OSM (Hoffman et al., 1996), and granulocyte colony
or both of these receptors are also involved in the receptor stimylating factor (G-CSF) (Hill et al., 1993; Lovejoy et al,
complexes of the closely related cytokines oncostatin M 1993; zink et al., 1994). Of this family, structure/function
relationships for human GH have been the most extensively
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GH, growthp hormong? GHR, grgowth hgrmone éceptor; HgMQC, In contrast, LIF binds to a heterodimeric assembly of the

heteronuclear multiple quantum coherence; HSQC, heteronuclear singlereceptor components LIFR and gp130. From site-directed
quantum coherence; IL, interleukin; LIF, leukemia inhibitory factor; mytagenesis, a third receptor-binding epitope has recently
LIFR, leukemia inhibitory factor receptor; m, murine; NOE, nuclear . o . .
Overhauser effect; NOESY, nuclear Overhauser effect spectroscopy;been |dent!f|ed on LIF (Hudsqn etal, 1996)’ in addition to
OSM, oncostatin M;R.,, conformational exchange ternsf, order the two defined from the paradigm GH:GHR complex. LIFR
parameterTy, longitudinal relaxation timeT,, transverse relaxation  also binds at site 3, situated at one “end” of the bundle, which

time; zc, over_aII rptatlonal (;orrelatlon timezint, Correlat!on time for_ _includes residues of the CD loop, a region previously
internal motions; TPPI, time proportional phase incrementation;

TOCSY, total correlation spectroscopy; 2D, two dimensional; 3D, three postul_ated to determine the species specificity of the LIF:
dimensional. LIFR interaction (Owczarek et al, 1993).
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With the use of®N-labeled protein, high-resolution NMR NOESY mixing times were 200 ms for the 2D homo-
methods can be used to uniquely monitor solution dynamics nuclear experiment (Macura et al., 1981), 100 ms or 200
of a protein structure at atomic level. This provides enhanced ms for 1N-edited NOESY-HSQC experiments (Kay et al.,
information concerning the conformation of sites utilized in  1989a) and 100 ms for the HMQC-NOESY-HMQC experi-
protein/protein interactions. The solution dynamics of two ment (Frenkiel et al., 1990). Relatively short spin lock
four-a-helix bundle cytokines have previously been inves- periods were used in the TOCSY experiments to minimize
tigated. Both IL-4 (Redfield et al., 1992) and G-CSF loss of magnetization due to relaxation: clean MLEV-17
(Werner et al., 1994; Zink et al., 1994) were found to possesspulse trains (Griesinger et al., 1988) of-350 ms at 10 kHz
rigid helices and highly mobile AB and CD loop regions. In field strength were used for 2D TOCSY (Braunschweiler &
order to compare the solution structure and dynamics of LIF Ernst, 1983), and a 40.2 ms DIPSI-2 pulse sequence (Rucker
with its related cytokines, we have expresséd-labeled & Shaka, 1989) was employed in th&éN-edited TOCSY-
murine LIF for multidimensional heteronuclear NMR study. HSQC experiment (Marion et al., 1989). The double
We report here the sequential assignment of the backbonequantum (DQ) experiment (Wokaun & Ernst, 1977) used 2
resonances of mLIF, the definition of its secondary structure x 25 ms delays to generate multiple quantum coherence.
in solution, and details of the dynamics of the polypeptide  Relaxation MeasurementsMeasurement ofl; and T,
backbone of the protein. values for'®N nuclei used the pulse sequences of Stone et

al. (1992). AWATERGATE sequence (Skleret al., 1993)
EXPERIMENTAL PROCEDURES was incorporated into the last INEPT transfer for water

Sample Preparation.Recombinant mLIF was expressed suppression, with selective pulses at 30 kHz rf strength and
as a glutathione-S-transferase fusion protein (containing ar = 100us, and two 2 ms pulsed field gradients (2 G¢jn
thrombin cleavage site) using the plasmid pGEX-2T:LIF T, experiments were performed with 10 relaxation delays
(Smith & Johnson, 1988; gift of AMRAD, Melbourne) in T: T =7, 52 (x2), 102, 150, 200, 400, 700, 100& %),
Escherichia colistrain NM522, essentially as described 1500, and 2000 msT, experiments were performed with 8
previously (Gearing et al., 1989). For isotopic labeling of relaxation delay§: T = 4.32, 19.5 «2), 34.7, 50.0, 73.9,
mLIF, bacteria were grown in shaker flasks wpid L of 99.9, 149, and 200 ms. Steady-st&#d—H NOE values
M9 defined media (Sambrook et al., 1989) enriched with 1 were determined from spectra recorded in the presence and
g/L ™NH,CI as the sole nitrogen source. At a cell density absence i3 s of proton saturation. The measurements were
giving ODsgo > 1 (1 cm path length), protein expression was performed in triplicate using a refocused HSQC pulse
induced with 50uM isopropyl thiof3-galactoside for 47 sequence with gradient coherence selection (Ross et al.,
h. Cells were lysed, and glutathione sepharose-4B (Phar-1993a,b). The recycle delays were 3.0 and 2.7 s foiTthe
macia) (10 mL in 50 % v/v phosphate buffered saline) was and T, experiments, respectively.
stirred into the soluble cell fraction (2 h) to selectively bind Data Processing and AnalysisSpectra were processed
the fusion protein product. Following cleavage with human and analyzed using the FELIX software package (BioSym
thrombin (BioScientific, 500 NIH units) at 20C (4 h), pure MSI). Apodization was applied to all dimensions, most
mLIF was obtained by cation-exchange and reversed phasecommonly as phase-shifted-skewed-sine-bell or Lorentzian-
high performance liquid chromatography (Gearing et al., to-Gaussian functions. The first point of data acquired on
1989). The sequence of recombinant murine LIF prepared AM or AMX spectrometers was linearly predicted. Linear
by the above procedure differs from that of the native protein prediction was used to extend data'™ relaxation and 3D
by an additional Gly (numbere¢t1) at the N-terminus. experiments by 56100% in the indirectly detected dimen-

NMR Spectroscopy.All NMR experiments were per- sions prior to apodization. Following processing, 3D
formed at 37°C on samples of 1 mM LIF in deuterated matrices contained 25& 128 x 512 real points, with the
sodium acetate (30 mM, pH 4.05) in 90%®10% ?H,0 N dimension most coarsely resolved. Chemical shifts were
or 100%2H,0. Most spectra were acquired on a Bruker analyzed a\d values, whereAd = Jopserved— Orc, aNd e
DMX-600 spectrometer equipped with pulsed field gradients, are the random coil chemical shift values of Wishart et al.
with additional data obtained on Bruker DRX-500, AM-500, (1995). T; and T, values were obtained by least-squares
and AMX-600 spectrometers. Proton and nitrogen carrier fitting of peak heights to single exponential decay functions
frequencies were 4.74 ppm (spectral width 10.4 ppm) and (Palmer et al., 1992). The average uncertainties inTthe
116.5 ppm (spectral width 28.0 ppm), respectively, except and T, relaxation times for resonances away from the
when the proton carrier frequency was placed at 7.60 ppm N-terminus were 10.4 and 8.2%, respectively. The average
for acquisition (spectral width 4.16 ppm). Quadrature experimental error in the NOE value derived from duplicate
detection was achieved using TPPI (Marion & thftch, experiments was 0.04. Cross peak heights were used to
1983) for all experiments except tht—'H NOE measure-  determine the heteronuclear NOE in triplicate HSQC spectra.
ment, which used the States method (States et al., 1982)The 24 NOE values in excess of 0.824 (the theoretical
The sizes of 3D acquisitions were 12844 x 64—72 x maximum) due to systematic error or solvent exchange
2K data points. Solvent presaturation during the recycle effects were not further scaled.
delay (1.4-1.2 s) was used for water suppression, except For amides that successfully fitted tH T;, T,, and NOE
for the 15N relaxation measurements. Heteronuclear experi- relaxation data, modeling of molecular motion was carried
ments used GARP decoupling 8N (Shaka et al., 1985)  out using the Modelfree program (Palmer et al., 1991; Stone
during acquisition, and a nominal Tfg; of 2.25 ms. The et al., 1992), which assumes the “model-free” formalism of
'H dimension was referenced to an internal standard of 1,4-Lipari & Szabo (1982a,b). Thd&,/T, ratio observed for
dioxan (at 37°C, 6 = 3.754 ppm), and thé°N dimension residues known to occur in helices were initially used to
was referenced to an external standard of 50% nitromethanetalculate a correlation time of 102 0.9 ns. The spectral
50% CHClI; (at 25°C, 6 = 379.6 ppm) (Wishart & Sykes, density functions subsequently derived for e&dhnucleus
1994). according to the equations of Kay et al. (1989b) included
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residues overlapped, the 3D HMQC-NOESY-HMQC experi-

X S M o * ment was particularly useful. NOEs due dgng,+1) and
N ino dgngii+1) CONNectivities confirmed assignments and indicated
2 the direction of the sequence. The NOEs observed between
R85 k77 = . . P—
s | T resonances of sequential residues are shown in Figure 3 and
Hm allowedH and**N resonances of 159 (i.e. 95%) of the 168
W NIE g e % polypeptide backbone amide groups of mLIF to be assigned.
Des? 'y Resonances of Ser 1 and Leu 3 were assigned, in the absence
) ciat of inter-residue NOE connectivities, on the basis of their
extremely longT, and large negativeN—'H NOE values.
2 Gyniss s43 The backbone amide resonances of Asn 21, GlrGRi

32, Ser 36, Ser 69His 71, and Val 147 remain unassigned.
Aromatic ring resonances were sequence-specifically as-

118.0

‘ @ 142
|
D“‘QVW Hes Rise Nss signed from observation of intraresidue NOESs, or, in the case
Rz ® '26 X of phenylalanines 67, 52, 70, and 180, by identifying
Eso M‘22 Ne3 azs distinguishing long-range inter-residue NOEs consistent with
) szo D120"()C<92 - tlhse c;ystal sltlruEturg ofI LIhF'f (Rolbinsor} et a]., 1%94). Table
. shows all chemical shift values of assigned resonances
26 O o1 (Supporting Information).
8 Secondary Structure Determinatioiistinctive intensities
of NOEs due to sequential and medium-range (i.e. residues
less than 5 apart) contacts (Wuthrich, 1986) were used to
define the elements of secondary structure in mLIF. As the

geometry of the polypeptide backbone is known to influence
the chemical shift of @ and HN backbone resonances

315N (ppm)

1
120.0

‘o (Wishart et al., 1991), observed proton chemical shik§ (
Y7 values, summarized in Figure 4) were additionally used to
® delineate secondary structure: long sequential stretches of

residues with negativAo values were defined to be in a

| I 8\4 on o0 helical conformation. The NOE and chemical shift param-
"5 H (ppm) ' eters together essentially define four long helices for mLIF
FicURE 1: Region of the 2D5N—1H HSQC of uniformly labeled ~ in solution: helices A (residues 228), B (76-103), C
mLIF (37 °C, pH 4.05, 600 MHz). Cross peaks from polypeptide (109-135), and D (156'180). Two type |3-turns, involving
amide resonances are well resolved and labeled according to theiresidues Asn 105Val 109 and His 156 Lys 153, are also

sequence assignments. Cross peaks denoted X are unassigned; * Hefined by characteristid.n« .. NOE connectivities (seen
from GIn or Asn side chains; boxed if from Arg side chain, folded y K}“N("'H) (

into the spectrum. in Figure 3). . N . .
The exact start of helix A is difficult to define in solution,
terms for internal motions{y) or exchange effectsRt,) although a helical conformation is clearly indicated for

where they were significant at the 67% confidence level 'eSidues Leu 22Asn 34 by the intensities of the sequential
(Kérdel et al., 1993). Uncertainties in order parameter values NOE connectivities (strongy, weakerday contacts) and

() averaged 8%. Calculation of the principal moments of chemical_shifts (upfield shift of @4 resonances). Helix A
inertia of MLIF was carried out using an in-house program certainly is more stable from Gly 35 onward, however, as at

(Dr Joel Mackay, personal communication). this point additional medium-range contacts become evident.
’ Within the AB loop, NOE connectivities in the segment Val
RESULTS 56—Cys 60 define an additional helix (denoted heli%).A

Although this helix is too short to perturb the chemical shifts

NMR AssignmentsThe **N—'H HSQC spectrum of LIF  of the component @1 atoms, from the mixture of medium-
(Figure 1) shows well-dispersed cross peaks for all amide range contactst+2) anddang,+4), Figure 3) observed, it
group resonances of this 19.9 kDa protein. Thespin appears to be intrinsically flexible. Helix D is a relatively
systems coupled to each amide resonance were identifiecstable helix incorporating the C-terminal residue Phe 180,
from a 3D *N-edited TOCSY-HSQC experiment, as well  as a series of medium-range contacts link together the final
as 2D TOCSY and DQF-COSY spectra {,0). Distinc-  segment of residues in the mLIF sequence.
tive N chemical shift values were useful in confirming Gly, The AS values for HN resonances of proteins, while
Thr, Ser, and Ala resonances (Wishart et al., 1995). The generally dependent on solution conditions and subject to
aromatic resonances of the six Tyr and six Phe residues inproad distribution, are also sensitive to helical structure

LIF were primarily identified from a 2D DQ spectrum in  through the helix dipole effect (Wishart et al., 1991). HN

H,0. resonances of the residues at the N-terminus ofi-4n@lix
Sequential assignment (Wuwich, 1986, Englander &  are shifted downfield while resonances of the C-terminal
Wand, 1987) relied on observation of inter-resi@lug,+1 residues are shifted upfield. From the magnitudeAdf

NOEs in the 3D'*N-edited NOESY-HSQC (segments of (HN) values observed for the helical residues of mLIF, this
which are shown in Figure 2). This type of connectivity is dipole effect is most obvious for resonances of helix B and
particularly strong for helical conformations and therefore least pronounced for helix A (Figure 4). In addition, a curved
favors the identification of sequences of residues in regions amphipathico-helical peptide conformation has been pro-
of a-helix. In cases where the HN resonances of sequentialposed to caus@d(HN) values to display a characteristic
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FIGURE 2: Strips from the 3B3°*N—1H NOESY-HSQC spectrum of mLIF (37C, pH 4.05, 600 MHz) at th€, andF; frequencies of each

NH resonance of sequential residues Lys-292l 113, which incorporates the BC loop region. TheHCand CH resonances coupled to

each amide resonance are identified. Solid horizontal lines indicate sequential NOE connectivities, dotted lines indicate medium range
dangi+2) OF dang,i+3) Cconnectivities.

oscillation over three and four residues: positive for residues This may indicate some alteration from the crystalline
on the concave (inward) side of the helix, negative for those conformation, or restricted solution mobility of either side
on the convex side (Zhou et al., 1992). This periodicity is chain.
readily observed in Figure 4 for thAo(HN) values of The aromatic resonances of the Tyr 44 side chain are
residues in the long-helices of mLIF, indicating that all  exchange-broadened at 32, indicating restricted rotation
four helices are smoothly curved. The effect is most distinct and lower mobility relative to side chains of other Tyr
in helix B and occurs least in helix A. In this way, residues residues in mLIF. Several NOEs are observed from these
in the interior of each helix and therefore most likely to resonances to the polypeptide HN groups of residues 44, 45,
comprise the core of the helical bundle in solution are and 163. We conclude that Tyr 44 is buried in the
specifically identified: for example, Leu 80, Leu 83, Val hydrophobic core of the protein, held rigidly in the same
87, Ala 88, Ser 91, Leu 94, Thr 98, and GIn 101 from helix orientation as seen in the crystal structure. Preliminary NMR
B, and Ser 110, Leu 115, lle 119, Arg 123, Leu 126, Val studies reporting the aromatic spin systems of human LIF
129, and Leu 133 from helix C. and a murine-human chimeric molecule (Smith et al., 1994;
Tertiary Fold of LIF in Solution. Collection of sufficient ~ Maurer et al., 1994) are very similar to those determined in
distance restraints to enable a tertiary structure calculationthis study, indicating that the aromatic ring environments in
for mLIF is not possible using solelyN—!H spectral all three molecules are almost identical. Analysis of 2D
information, because of the large number of signals and high NMR spectra recorded at different pH values (not shown)
degree of resonance overlap. Nevertheless, the tertiary foldindicates that the three-dimensional structure of mLIF is fully
of MLIF in solution can be coarsely defined from long-range conserved in solution over the pH range 3.0 to 6.9.
NOE connectivities, using the well-resolved resonances of !*N Relaxation Measurements and Dynamics (model-free)
aromatic rings and methyl groups as structural probes. AtAnalysis. For well separated amide resonances, 125
this stage, several long-range contacts are observed linkingcurves, 132T, curves, and 12?H—'>N NOE values were
Phe 41 with Gly 167, Phe 67 with Tyr 89, Phe 70 with Leu defined. Derived'®N relaxation parameters are graphed
83, Leu 80 with Phe 180, Tyr 84 with Val 129 and Leu 130, relative to amino acid sequence in Figure 6 and are analyzed
and Leu 126 with Val 87 and Ala 88. These side chain interms of the regions of secondary structure defined above
contacts allow definition of the tertiary fold of LIF as a four- for mLIF in solution (see Table 1). The relaxation tinhg
a-helix bundle with up-up-down-down topology as depicted (or the ratioT./T,) and NOE values are used here as sensitive
in Figure 5. The local solution environments mapped out experimental indicators of backbone dynamics.
around the side chains of aromatic residues by NOE contacts The N-terminal residues of mLIF, from Ser 1 to Asn 21,
appear consistent with the molecular conformation depicted have longT relaxation times and negative NOE values, more
in the crystal structure of mLIF (Robinson et al., 1994). typical of a highly mobile peptide than of a large rigid
Absent in solution, however, is evidence of the medium to protein. Almost free motion is observed for Ser 1 to Thr 6.
close-range contacts between Phe 180 and Phe 70 side chainwo disulfide linkages anchoring Cys 12 and Cys 18 to the



10150 Biochemistry, Vol. 36, No. 33, 1997 Purvis and Mabbutt

1 10 20 30 40 50 60
GSPLPITPVNATCAIRHPCHGNLMNQIKNQOLAQLNGSANALFISYYTAQGEPFPNNVEKLC

dan,i+1) el s e B o o enmml o
NG, i+1) = e Bl n nall N L.
NG ] R mm a—am ] ol el s = L

daNg, i+2) —_
dNNG,i+2) — — i
daN(i,i+3) —_— _—
Ao, i+4) - -
70 80 90 100 110 120
APNMTDFPSFHGNGTEKTKLVELYRMVAYLSASLTNITRDOKVLNPTAVSLOQVKLNATID
e +1) e _—
dNNG,i+1) [
dBNG,i+1) el ol
daNG,i+2) - —
dNNG,i42) — — —
Ao, i+3) e e —_—
doNG,i+4) —

130 140 150 160 170 1
VMRGLLSNVLCRLCNKYRVGHVDVPPVPDHSDKEAFQRKKLGCQLLGTYKQVISVVVQAF

RO S — Ty U -
dngisn Tl » il el
Bniis) A m o - e s el ol

doN(i,i+2) _
INNG,1+2) — — —
doNGi+3) ——— —— —— -

doN(i, i+4)

Ficure 3: Summary of NOE connectivities observed between residues of mLIF. Sequential and medium range NOE connectivities observed
in the 3DN—'H NOESY-HSQC spectrumr§ = 100 ms, 37°C, pH 4.05, 600 MHz). Residues with assigned amide resonances are in
bold type. For sequential connectivities (between residaadi+1), NOEs were classified as strong, medium, or weak, and their approximate
strength is indicated by the bar width. Hollow bars indicate ambiguous NOE strength due to resonance overlap. Medium range NOE
connectivities are marked where present.

end of helix C (Nicola et al., 1993; Robinson et al., 1994) the CD loop for which data is available also appear to be
constrain this region somewhat, with Cys 12 preventing the only of intermediate flexibility, with average values foy/
very high mobility of residues 111 propagating further T, ratio and NOE (9.4 and 0.79, respectively) close to those

along the polypeptide chain. seen for the much shorter BC loop.
Residues within the helices of the four-helix bundle  While the individual relaxation parameters described above
characteristically possess shorfeitimes (hence highery/ qualitatively indicate the relative mobilities of different

T, ratios) and higher NOE values than the surrounding residues of mLIF in solution, a model-free analysis of
segments. Helices B and C consistently show high NOE measureds, T,, and NOE values for 113 amide groups was
values (average 0.86), and helix A shows the highest averagecarried out to derive quantitative parameters of the solution
T4/T, ratio (12.3). Relaxation parameters for helix D are dynamics. For @°N nucleus relaxing solely througfiN—
also characteristic of a relatively rigidhelix. No significant IH dipolar coupling and chemical shift anisotropy, the
increase inl, or decrease in NOE values is seen toward the spectral density function is approximated by
C-terminus of this helix, with the values for the C-terminal
residue Phe 180T¢ = 82 ms, NOE= 0.85) being close to J(w) = (§rm)/[1 + (a)rm)z] + (1 — D1 + (w1)?
average for helix D. Residues forming the small helix A
generally have lowl,/T, ratios and NOE values (average where & is an order parameter measuring the degree of
9.2 and 0.78, respectively), indicating that this area is more restriction of motion;r, is the overall correlation time for
flexible than the four long helices. the molecule, and t/= 1/t + 1/, Wheretiy iS the
The AB loop region is characterized by consistently long correlation time of rapid internal motions (Lipari & Szabo,
T, times (average 96 ms) and low NOE values and is the 1982a,b).
most mobile region of the protein apart from the N-terminus.  The model-free analysis of relaxation properties generally
For this reason, some of the residues in this loop remain assumes isotropic tumbling of the protein molecule. Using
unassigned. The BC loop is very short and appears relativelythe crystal structure coordinates for mLIF (which do not
constrained in mobility, with only a slightly lower average include residues preceding Asn 9), the principal moments
NOE (0.81) than the adjacent helical residues. Residues inof inertia are determined to be in the ratio 2.4:2.3:1. In a
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Ficure 4: Proton chemical shifts (&sd values) for the €H and NH resonances of mLIF residues (&7, pH 4.05).Ad = dopserved— Orc

whered,. are the random coil values of Wishart et al. (1995), i.e. a resonance shifted to higher field has a Heyatilge. Black bars

represent helical segments of mLIF identified from long runs of neg&tiE&*H) values. Variations imM\d(NH) values reflect the dipole
and amphipathicity of each helix.

sponds to 9.6 ns at 3T using the correction of Powers et
al. (1992). Amide groups on the polypeptide backbone that
display motion highly correlated with global tumbling
typically have an order paramet& > 0.85 (Clore et al.,
1990). This is observed for amides of residues in helices
B, C, and D of mLIF, indicating relative rigidity. Interest-
ingly, such values are also seen for many residues comprising
the CD loop. Significant motions of larger amplitude (i.e.
S < 0.75) are found clustered in three regions: the
N-terminus, the AB loop, and the N-terminal half of helix
A. The high mobility observed for residues at the start of
helix A (Asn 28, Asn 34, and Leu 40 all have Id¥values)
may have contributed to our inability to assign the resonances
of some residues in this region.

For 15 amide groups of mLIF, internal motion required a
o ) significant iy term (i.e. greater than the experimental
Ficure 5: Schematic diagram of the solution topology of mLIF yncertainty) in the spectral density function for modeling
as defined by long-range NOE contacts. Helical regions are motion. Values obtained far, ranged from 5.8 (Val 109)
represented by white boxes, and black bars connect residues Wher? ) . int T R .

NOE contacts have been observed in this work. 0 64 ps (Ala 10). Residues showing significant motion were
clustered at the N-terminus, between Ala—18ly 20, and
relaxation study of the related cytokine G-CSF, whose @lsO in helix A.  The twelve residues whose mobility
principal moments of inertia were in the ratio 2.1:1.8:1, Zink "eéquired a motional model including additiorka terms are
derived from isotropic or anisotropic tumbling models. N helix A between Asn 24Asn 28. This possibly indicates
Given that the errors introduced by assuming isotropic @ Small amount of conformational exchange on the mil-
tumbling for mLIF are therefore expected to be smaller than lisécond timescale. Such motions of the N-terminal half of
the experimental errors in th&/T, ratio, dynamics param-  helix A would explain the lack of medium-range NOEs
eters for individual amide nuclei have been derived assuming connecting resonances of the helix A residues.
isotropic molecular motion. Th& values calculated for
amide groups of the mLIF polypeptide backbone are included DISCUSSION

in Figure 6 and Table 1. To our knowledge, mLIF is the largest protein to date for
The model-free analysis determined the glakdibr mLIF which NMR resonances have been assigned solely from

at 37°C to be 9.714 0.08 ns. This value is close to global uniformly ®N-labeled protein samples. Murine LIF is here

correlation times determined previously for other members defined in solution as a relatively rigid four-helix bundle

of the four-helix cytokine family of proteins: 7.6 ns for structure which extends from Leu 22 at the beginning of

human IL-4 at 35C (Redfield et al., 1992) and 12.1 ns for helix A to the C-terminal residue Phe 180 at the end of helix

human G-CSF at 27C (Zink et al., 1994), which corre- D, in an up-up-down-down topology. An additional helix

Helix B Helix C
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amide resonance as closed circles. Analogous values for humal

G-CSF (at 27C) are shown as open circles (from Zink et al., 1994).
(D) Order parameter&?, derived from model free analysis of mLIF
relaxation.

A' is seen as a flexible turn of helix between Val-3Bys
60. The N-terminal region of the protein sequence, from
Ser 1 to Gly 20, is highly mobile and unstructured in solution.
All of the long a-helices forming the bundle are smoothly
curved and relatively rigid. Helices B, C, and D all tumble
rigidly within the overall molecular motion, with any internal

Purvis and Mabbutt

Table 1: Relaxation Values and Model-Free Dynamics Parameters
for Murine LIF (at 37°C, pH 4.05%}

structural

segment

of mLIF  residues To(ms)  Ti/T> hNOE S value
N-terminu§ 1-21 93-479 2.4-9.4 -1.82-0.68 0.74+ 0.06
helix A 22—48 74+6 12.3+1.6 0.82+0.04 0.83+0.08
A'regiorf  49-60 86+9 9.2+1.4 0.78+0.06 0.85+ 0.08
AB loop 61-75 96+10 8.6+1.1 0.72+0.09 0.77+ 0.05
helix B 76-104 76+7 10.3+1.3 0.8640.05 0.92+ 0.06
BC loop 105-108 85+7 9.4+1.2 0.81+0.04 0.83+ 0.05
helix C 109-135 75+ 11 11.7+1.6 0.86+ 0.04 0.88t 0.07
CD loop 136-155 88+ 7 9.44+1.6 0.794+0.05 0.85+ 0.04
helix D 156-180 80+8 10.4+1.9 0.84+0.04 0.89+ 0.08

@Values quoted are meadsone standard deviation for the residues
comprising the distinct secondary structure elements of mLIF as defined
by this study? A range of values, rather than the mean, is quoted where
appropriate for the N-terminal residuésihe A’ region incorporates
residues between the end of helix A and the end of helixX Ahese
values for residues Ala 10Gly 20 only.

Comparison with the Crystal Structure of mLIFThe
molecular structure outlined here for mLIF in solution is
generally in close agreement with the three-dimensional
crystal structure (Robinson et al., 1994). We detect subtle
differences in conformation, however, at the start of helix
A, which in solution is smoothly curved and appears to lack
some of the rigidity of a conventional-helix, and also at
the end of helix D, which showa-helical character right
up to the C-terminus in solution, but not in the crystalline
form.

Mobility, or disorder, of the protein molecule in the
crystalline state is partially reflected in tBefactors derived
for the electron density during crystallographic refinement.
Across most of the mLIF fold, higB factors (Robinson et
al., 1994) are observed in locations also defined as highly
mobile from our solution relaxation parameters: the N-
terminal residues Asn-9Asn 21 have the highe& factors
in the moleculeB factors are high at the start of helix A,
probably due to some conformational heterogeneity; residues
in the AB loop (Ser 69-Thr 75) haveB factors> 30 Az
the CD loop contains some atoms wilfactors close to 30
A2 residues in the short helix'Alo not haveB factors any
lower than those in surrounding sections. A difference is,
however, again observed between solution and crystalline
states at the C-terminus: atoms at the C-terminal end of helix
D have gradually increase® factors, whereas thd,
relaxation times seen in solution are more typical of a region

of low mobility.

Comparison with the Structure and Dynamics of Other
Cytokines. The structure of LIF shows that it is most closely
related to members of the “long” fowr-helix bundle
cytokine family: G-CSF (Hill et al., 1993; Werner et al.,
1994; Zink et al., 1994), OSM (Hoffman et al., 1996), and
CNTF (McDonald et al., 1995). In analogy to this study of
mLIF, the solution dynamics have previously been defined
in detail for human G-CSF. Figure 6 compares the measured
dynamics parameters of murine LIF (at 3C) with those
for human G-CSF (27C) (Zink et al., 1994). Altered

motions of short duration. Helix A appears to be the least solvent viscosity due to the temperature difference causes
stable of the helices, with motions on several timescales (pssomewhat shorteF; and longeiT, values for LIF. Itis clear,

to ms) detected for residues within its N-terminal half. The
AB loop is the only internal segment of the protein fold to
show high mobility. The CD loop was found to exhibit only
a slightly increased mobility relative to the helical regions
of the protein.

however, that LIF and G-CSF share a similar pattern of
solution dynamics: helices of low mobility, and an excep-
tionally mobile N-terminal region. The AB loop exhibits

increased mobility to the same degree in both proteins,
particularly at the C-terminal sections. The significant
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difference in dynamics between the two proteins occurs in ACKNOWLEDGMENT
the CD loop. In G-CSF, the loop region containing Ala
129-Ser 142 is highly mobile, with heteronuclear NOE
values close to zero, while the corresponding residues of
mLIF (His 141-Glu 154) show only a slight decrease in
NOE values from those of the neighboring helices. A large
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