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Ligand Binding Alters the Backbone Mobility of Intestinal Fatty Acid-Binding
Protein as Monitored byN NMR Relaxation andH Exchangé
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ABSTRACT. The backbone dynamics of the liganded (holo) and unliganded (apo) forfasabierichia
coli-derived rat intestinal fatty acid-binding protein (I-FABP) have been characterized and compared using
amide®®N relaxation andH exchange NMR measurements. The anfid&°N resonances for apo and

holo I-FABP were assigned at 2&, and gradient- and sensitivity-enhanced 2D experiments were employed

to measuré>N Ty, To, and{*H} 15N NOE values and relativ#H saturation transfer rates. TH& relaxation
parameters were analyzed using five different representations of the spectral density function based on
the Lipari and Szabo formalism. A majority of the residues in both apo and holo I-FABP were characterized
by relatively slow hydrogen exchange rates, high generalized order parameters, and no conformational
exchange terms. However, residues V285, S53-R56, and A73-T76 of apo I-FABP were
characterized by rapid hydrogen exchange, low order parameters, and significant conformational exchange.
These residues are clustered in a single region of the protein where variability and apparent disorder were
previously observed in the chemical shift analyses and in the NOE-derived NMR structures of apo I-FABP.
The increased mobility and discrete disorder in the backbone of the apo protein may permit the entry of
ligand into the binding cavity. We postulate that the bound fatty acid participates in a series of long-
range cooperative interactions that cap and stabilize the C-terminal half of helix 1l and lead to an ordering
of the portal region. This ligand-modulated ordelisorder transition has implications for the role of
I-FABP in cellular fatty acid transport and targeting.

Intestinal fatty acid-binding protein (I-FABP)s a pre- holo and apo structures were determined using essentially
dominatelys-sheet protein that binds a single molecule of identical 3D (three-dimensional) triple-resonance NMR
long chain fatty acid. It is abundantly expressed in small protocols, and each structure was based on over 3300
intestinal enterocytes and thought to function in the transport conformational restraints. Unlike the holo form, the en-
and trafficking of fatty acids absorbed from the lumen. semble of NMR structures of apo I-FABP exhibited vari-
However, the precise function of I-FABP is not well- ability in a discrete region of the protein backbone (Hodsdon
understood, and the molecular mechanisms by which it & Cistola, 1997). The apparent disorder was most pro-
regulates fatty acid transfer within the cell have not been nounced in residues 286 and 54-57, corresponding to
defined. In particular, it is not clear how fatty acid enters the distal half ofa-helix 11, the linker between helix Il and
and exits the protein and how the protein delivers fatty acid S-strand B, and the turn betwegpstrands C and D (Figure
to target sites in the cell. 1). The disorder in apo I-FABP was also shown by dif-

We recently determined the NMR solution structures of
the liganded and unliganded forms of I-FABP in order to
learn more about its conformational properties in solution
(Hodsdoret al,, 1995, 1996; Hodsdon & Cistola, 1997). The

T This work was supported by grants from the National Science
Foundation (MCB-9205665 to D.P.C.), the American Digestive Health
Foundation, and institutional startup funds. The Unity-500 spectrometer
was supported in part by the Markey Center for Research in the
Molecular Biology of Disease at Washington University. D.P.C.

ferences in théH/'3C consensus chemical shift indices and
the positions of missing amide proton resonances relative to
the holo protein. This backbone disorder, which was not a
feature of the 1.2 A X-ray crystal structure (Scaginal,,
1992)? was characterized by a destabilization of long-range
interactions between helix Il and the-© turn and a fraying

of the C-terminal half of helix Il. This disordered region of
the protein backbone appears to consititute a flexible,
dynamic portal that permits the entry of fatty acid. We
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1 Abbreviations: iLBPs, intracellular lipid-binding proteins; I-FABP,
intestinal fatty acid-binding protein; H-FABP, heart/muscle fatty acid-
binding protein; A-LBP, adipocyte lipid-binding protein; I-LBP, ideal
lipid-binding protein; NOE, nuclear Overhauser effect; HSQC, hetero-
nuclear single-quantum correlation spectroscopy, longitudinal
relaxation time constanff,, transverse relaxation time constant;
overall correlation time;r., effective correlation time for internal
motions;S, generalized order paramet&;, conformational exchange
term; 2D, two-dimensional.

of helix Il by stabilizing a series of long-range cooperative

interactions resembling a C-terminal helix capping box

(Hodsdon & Cistola, 1997).

In the present study, we have characterized the dynamic
properties of I-FABP in order to further evaluate the apparent
backbone disorder observed in the NMR structure of the apo

2|n the 1.2 A X-ray crystal structure of apo I-FABP, helix Il is well-
defined. In addition, the main chain temperature factors for residues
25-36 and 54-57 are low and not significantly different from the rest
of the protein backbone (1IFC; Brookhaven PDB). There are no obvious
or specific intermolecular contacts in the crystalline lattice that might
lead to an ordering of these residues.
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ing growth, the presence of glucose in the medium was
monitored by the use of Diastix reagent strips (Miles, Inc.,
Elkhart, IN), the type used by diabetic subjects to monitor
urinary glucose, and maintained at a level of-0012% (w/

v). Protein expression, under control of the recA promoter,
was induced with nalidixic acid at a cell density ©fl3
ODggo units. The cells continued to grow fer3 h to an

OD of 26, at which point the cells were harvested and stored
at —70 °C for further processing.

The protocols for protein purification and delipidation have
been detailed elsewhere (Lovet al, 1987; Jakobyet al,
1993). A portion of the delipidated, concentrated protein
sample containing 10% ) was used to prepare a stoichio-
metric complex with palmitate as described by Cisttlal.
(1989). The apo/holo homogeneity of the samples was
verified by 2D'H/*N HSQC NMR. Most of the apo and
holo I-FABP resonances are not superimposable (Figure 2),
and samples containing mixtures of apo and holo protein
contain two distinct sets of resonances. Therefore, the
possibilities of incomplete delipidation or incomplete com-
Ficure 1: Ribbon diagram of the NMR solution structure of rat plex formation could be ruled out in this manner. The final

I-FABP complexed with palmitate (Hodsdaet al., 1996). The . L .
bound fatty acid is shown in ball-and-stick format. The region protein concentration in the NMR samples was 2 mM with

shaded black exhibited apparent backbone disorder in the NMR & buffer composition of 20 mM potassium phosphate, 50
solution structure of thenligandedform of the protein, as shown MM potassium chloride, and 0.05% sodium azide at pH 7.2.

in Figure 7 (Hodsdon & Cistola, 1997). NMR SpectroscopyAll NMR spectra were accumulated
i i , i with a Varian Unity-500 spectrometer equipped with a
protein. Amide'H exchange anéN relaxation rates inthe  performa i1 pulsed field gradient amplifier and a Nalorac 5
presence and absence of bound fatty acid were monitoredym |TG-500-5 triple-resonance probe with an actively
and compared usingH/**N' NMR and a uniformly*N- shieldedz-axis gradient coil. Quadrature detection in the
enriched protein. Residues in the VICII.’lIty of helix 1l and indirectly detected dimension was achieved using hyper-
the C-D and E-F turns were more mobile than other parts complex data collection. With the exception of the temper-
of the molecule, especially in the apo protein. The increased atyre series described below, all spectra were acquired at 25
mobility was shown by higher rates of amitté exchange, °C. Gradient- and sensitivity-enhancéti—15N HSQC
lower order parameters, and sizable conformational eXChangespectra were aquired using the pulse sequence of Kay and
terms. In con;rast, the remainder of the protein b.ackbone co-workers (Zhangt al,, 1994: Muhandiram & Kay, 1994)
was characterized by slow hydrogen exchange, high orderyity acquisition parameters summarized in the legend of
parameters, and vanishing conformational exchange termsgigyre 2. In addition, a single 3B°N TOCSY-HMQC
The dynamic results reinforce the conclusions drawn from gpecirum was collected on apo I-FABP at 5 using the
a comparision of the chemical shifts a_nd_the NOE-derived pulse sequence, aquisition, and processing parameters de-
structures of apo and holo I-FABP and indicate that the local {4jled in Hodsdoret al. (1995).
variability in the ensemble of apo NMR structures represents  Tpe pulse sequences used to determfhe Ty, T,, and
increased backbone mobility in a specific region of the {H} 15N NOE values were those detailed in Figure 10 of
protein. The results provide insights into a possible mech- 5 rowet al. (1994). These experiments employ minimal
anism by which I-FABP and other lipid-binding proteins may - gatyration of the water resonance and thus minimize any
regulate fatty acid transfer and targeting in the cell. potential complications from hydrogen exchange. Spectra
were collected at 25C using acquisition parameters identical
MATERIALS AND METHODS to those described in Figure 2 for the HSQC spectra and
Sample PreparationUniformly ®N-enriched I-FABP was  similar to those of Farrovet al. (1994), except as noted
biosynthesized ifescherichia coliMG-1655 using a strategy  below. The spectra used to measiie T,, and {H} N
designed to achieve an optimal balance between cell growthNOE values were acquired in duplicate. The peak intensities
and isotope utilization. Bacteria harboring the pMON5840- in the T, and T, experiments relax in a monoexponential
I-FABP plasmid were initially grown overnight at 3T in fashion during the relaxation delay, in such a way that
a non-isotope-enriched and nutrient-supplemented M9 me-the length of the postacquisition delay prior to the beginning
dium similar to that of Liet al. (1987) containing trace metals  of the pulse sequence affects only the sensitivity and not
and thiamine but lacking casamino acids and yeast extract.the extracted relaxation times (Skleraral, 1987). Back-
This culture was harvested by centrifugation, and a portion bone amide®N T; values were measured from two series
of the cell pellet was used to seed a New Brunswick Bioflo- of seven spectra with the following relaxation delay times:
Il high-density fermentor equipped with a 1.25 L vessel T =28.1, 112.2, 224.4, 336.6, 448.9, 617.2, and 785.5 ms,
containing an otherwise identical medium, but initially andT = 28.1, 56.1, 112.2, 196.4, 280.5, 392.8, and 561.1
lacking glucose and ammonium chloride. Logarithmic ms. Amide'®>N T, values were obtained similarlyf = 16.0,
growth was supported by periodic additions of nutrients, 32.1, 48.1, 80.2, 112.2, 144.3, and 176.4 ms, Brel16.0,
including a total of 26 g of unenriched glucosedah g of 32.1, 48.1, 64.1, 80.2, 112.2, and 160.3 ms. In order to
[99.5%+5N]Jammonium chloride (Isotec lot OU0978). Dur- estimate the signal-to-noise and reproducibility of peak
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FiIGURE 2: Gradient- and sensitivity-enhanced #-15N HSQC spectra of uniforml¥#N-enriched I-FABP in the absence (A) and presence

(B) of bound palmitate. Backbone amide correlations are labeled according to the assignments described in the text and are available as
Supporting Information. The spectra were collected using the pulse sequence described in the text with a 3.0 and 6.5 kHz spectral width
and 256 and 512 complex points in thg(*>N) and F,(*H) frequency dimensions, respectively. Each FID consisted of eight averaged,
successive scans separated by a 1.0 s relaxation delay; the total experimental time was 81 min. A delay value of B8\mswas

employed during the INEPT subsequences; a 2.0 ms low-power, rectangular pulse was used to selectively excite the water resonance and
return its magnetization to an equilibrium state, and WALTZ-16 was used for broad band decoupling during acquisition. The unlabeled
resonances in the upper right quadrant of each spectrum represent side chaiari¢ttions in Asn and GIn residues.

intensities, spectra at the longest relaxation delays wereand without (NONOE experiment) the use6f saturation

collected in triplicate. Steady-staféH}*N NOE values

applied during the delay between successive transients. In

were obtained by recording spectra with (NOE experiment) the NONOE experiment, a relaxation delajy ® s was
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employed between transients, while the NOE experiment background noise in these spectra as detailed in Fagtow
employal a 2 sdelay plis 3 s of proton presaturation al. (1994). Standard deviations calculated in this fashion
achieved with the use of 1208H pulses applied every 5 ms  were found to be comparable to the difference between the
(Markley et al,, 1971). values calculated from the separate spectra; the larger of the
Data Processing and Analysidnitial processing of the  two was utilized as the estimate of the standard error for
time-domain spectra was performed on a Sun SPARC-2input to the spectral density calculations.
workstation using VNMR v. 4.2 (Varian Associates). The  The T; and T, relaxation times and the NOE of the
spectra were zero-filled to 51 1024 real points and backbone amidéN are influenced by the strength of the
pseudo-echo weighted along thke dimension with a—5 dipolar interaction with its attached proton and, to a lesser
Hz line broadening and a Gaussian factor of 0.056. For extent, the chemical shift anisotropy of theN nucleus
spectral analysis, the processed and phased frequency-domaifAbragam, 1961). In solution, the motions of the-N bond
spectra were imported into NMR Compass v. 2.5 (Molecular axis are responsible for the strength of the dipolar interaction
Simulations, Inc.) running on a Silicon Graphics INDY/ and, hence, the relaxation of the amifld. These motions
R4400 workstation. Peak intensities in the spectra were are characterized by a set of spectral density functid(ns,
estimated from their peak heights obtained using the at five distinct frequencies. The spectral densities are
automated peak-picking and refinement routine contained proportional to the amplitude of the fluctuating magnetic
within the software. An analysis of selected relaxation decay fields at specific frequencies and can be directly related to
curves revealed essentially identical decay results whenthe thre€"N relaxation parameters (Abragam, 1961; Farrow
intensities were measured according to peak heights oret al, 1994).
volumes. However, measurement of peak volumes generally
produced increased scatter and uncertainty in the resultingT, * = d?[J(w—w,) + 3 (w,) + 6J(wy+wy)] +
decay curves, possibly resulting from the difficulty of 23 5
determining the appropriate spectral baseline for volume cJwy) (2)
measurements. Hence, peak heights were considered more. » >
precise and reliable indicators of relative intensity. erZ = 0.5d074J(0) + JHwy—wy) + 3(wy) + 6)(wy) +
For both theT; and T, spectra, peak intensities from the 6J(w+wy)] + (1/6)c[3)(wy) + 4J(0)] (3)
two time courses were normalized according to the first delay
time and combined for fitting. Relaxation times were NOE = 1+ (y,/y,)d6J(wyt+wy) — Iwy—w)]T, (4)
determined by fitting to a two-parameter function of the form

The constantsi? andc? are defined as
I(t) = 1o exp(-t/T, ) 1)

o = 0.1y, %y, 2h2l(4rd) I, 203 (5)
wherel(t) is the intensity after a delay of tinteandl is the
initial intensity. Optimum values for the parameters were = (2/15))’N2H02(‘7|| _05)2 (6)
determined by the method of least-squares fitting performed

using a modified Powell minimiz_ation algori_thm_ _in the WhereyH andyN are the gyromagnetic ratios of thd and
software package SCIENTIST (MicroMath Scientific Soft- 15\ nuclei, respectively,wy and wy are their Larmor
ware, Salt Lake City, UT). The goodness of fit of the precessional frequencies, respectivelyy is their inter-
experimental data to the monoexponential decay function wasnyclear distance (1.02 A), and, is the magnetic field
assessed in SCIENTIST using 95% confidence limits cal- strength. The parallel and perpendicular components of the
culated by a rigorous searchf the error function. For  axially symmetricatsN chemical shift tensor are represented
purposes of input to the spectral density function analysis py ¢, and oy, respectively. The assumption of an axially
software described below, the standard errors offih@end  symmetric chemical shift tensor has been shown to be valid
T, relaxation times were estimated a4 of the 95%  for protein-backbone amides and has a value-a60 ppm
confidence limits' _ for oy — op (Hiyamaet al,, 1988).

Steady-stat¢'H} °N NOE values were determined from  |n order to obtain useful information about protein
the ratio of the peak intensities with and withédtsaturation dynamics from thé®N relaxation parameters, a functional
and averaged for the duplicate spectra. The standardform for the spectral density is required. Three separate
deviation of the NOE was estimated from an anaIySIS of the descriptions of the Spectra| density are often used, each
expressing a different dependence on the molecular motions

~ 3 Statistical calculations were performed in SCIENTIST using a responsible for relaxation. The first of these is known as

Tg%c;us_tfmge“nngflthe support Pt'_a”e ?Onf'd?“f%f];’?‘t?_ges Bax, ors e model-free formalism (Lipari & Szabo, 1982a,b) and

Wi € unaerlying assumption or correlated Tittiing parameters I .

and nonlinearity of the error function near the minimum. emp"?ys a minimum of parameter; tO' describe the Ove,ra”
4The spectral density analysis algorithm of Farretval. (1994) tumbling of the macromolecule and its internal motions with

required estimates of the standard deviation of the measured relaxationthe expression

parameters. The standard deviation is defined for a Gaussian or normal

population distribution at the 67% confidence limit, and the 95% limit

is equal to 1.96 times the standard deviation. However, 95% confidence Szfm a- SZ)T

limits were determined in SCIENTIST without the assumption of a Jw) = +

22 2.2
normal distribution. For the relaxation analysis, the standard deviations l1tw Tm 1+ o)
were estimated by dividing the 95% confidence limits by 1.96. Because

the 95% confidence limits determined in the more rigorous support- The dynamics of each backbone amide are characterized by
plane analysis are at least twice those determined using a normal

distribution, the estimates of the standard deviations were larger than@ time-correlation function factorizable into two independent
if a simpler statistical model had been used. components: the overall tumbling of the macromolecule and

()
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the internal motions of the NH bond vector. The correla- In order to determine the most appropriate form of the
tion function for the overall tumbling is assumed to be spectral density for modeling tAeN NMR relaxation of each
isotropic and monoexponential with the time constant residue, the protocol described by Farreial. (1994) was
The internal motions are approximated by a correlation followed. Each spectral density function was fit to the
function of the form relaxation parameters using a nonlinear least-squares opti-

Ly mization and Monte Carlo error analysis according to the
C)=F+@1—-Se (8) equation

where$2 is known as the generalized order para_meter, a - (Tye— Tle)z (Tye— 2e)2 (TNOEC — TNOEe)Z
model-independent measure of the degree of spatial restric“ = 5 +
tion of the motion bounded by & & < 1. If the internal ot
motion is isotropic,s vanishes; whereas, when the amide
is completely restricted in its motiol¥ equals unity. The  where Ty, Tz, and NOE are the relaxation parameters
effective correlation time resulting from internal motions is calculated from the spectral density function ang or,,
Te, Where and onoe are the estimates of the standard error (described
above) of the experimentally determined parametérs,;
1 =1y, + 1, 9) T2, and NOE. Overall, five representations of the spectral
) , density function were considered. The first two were based
_The second model of the spectral density function con- iy on the single time scale model-free formalism given
sidered invokes the use of an additional teRa, to account i, o4 7 with fitting of S alone andr. fixed at zero or fitting
for the contribution to the transverse re_laxatlon rate from ¢ poth < and .. The next two added aR., term to the
processes other than the dipekiipole interaction and  ,5qe| free formalism and provided fits to either all three

chemical shift anisotropy. In most cases, these con_tributionsparametersag, Te, andRey) OF justS andRex. The extended
are the result of conformational exchange averaging. Thesoim of the model-free formalism served as the final

additional term is included by a modification of the transverse representation of the spectral density function, fitting to the

relaxation rate: parameters?, S, ande.
1T, = 1/-|-2(DD) + 1/-|-2(CSA) =R, (10) ] The_ various representations of the _spe(_:tral density function
escribed above, all based on the Lipari and Szabo formal-
where the DD and the CSA subscripts refer to the contribu- iSm, have been widely used and provide a generally
tions of the dipole-dipole interaction and the chemical shift ~acceptable framework for interpretifigN relaxation data for
anisotropy to the relaxation, respectively. Whereas the Proteins. However, there are several known limitations,
generalized order parameter and internal correlation time areincluding the inherent assumptions about the functional form
sensitive to motions faster than the overall correlation time Of the spectral density function, the insensitivity ¥ to
(teis generally in the range of nanoseconds to picoseconds),mOtions slower than the nanosecond time scale, and the
chemical exchange processes contributing toRheterm difficulty evaluating the exact physical meaning=f To
occur on a time scale several orders of magnitude slowercircumvent these limitations, several elegant procedures
(milliseconds to microseconds). Nicholseral.(1995) have ~ employing full and reduced spectral density mapping have
shown that for a single exchange process involving two been proposed (Peng & Wagner, 1992; Faretwl, 1995;
equally populated stateBe is insignificant unless the Ishima & Nagayama, 1995; Lefee et al, 1996). In the
exchange time constataf (=2/K), wherek is the rate constant ~ current study, we were more concerned with identifying
for the exchange, is greater than @. patterns of relative mobility throughout the sequence and
Finally, an extended form of the model-free formalism has changes on ligand binding; we were less concerned with
been developed (Cloret al, 1990a,b) to describe internal  determining the exact physical meaning of specific values
motions that take place on two distinct time scales, differing Of @ given motional parameter. Therefore, with the above
by at least 1 order of magnitude, and affecting all three NMR limitations in mind, we considered the various Lipari and
relaxation parametersT;, T,, and NOE. The generalized Szabo analyses described above to be adequate for the current
order parameter then becomes a product of the individual Study.
fast and slow time scale order parameters, RESULTS

SEE Y (11) 1H/15N HSQC Spectra and Resonance AssignmeBésk-

) o . bone amide'H and°N assignments at 2%C were estab-
Assuming that the correlation time describing the faster of |ished for 119 of the 131 residues of both apo and holo
the two time scalesy, is sufficiently small so as to make a  |_EABP. In previous studies, tHéd, 13C, and'>N chemical

neglibible contribution to the relaxation, the extended spectral gyt assignments for I-FABP complexed with palmitate at

2 . (14)

L o7, ONoE

density can be described 37 °C (Hodsdoret al, 1995, 1996) and apo |-FABP at 33
2_ g °C (Hodsdon & Cistola, 1997) were reported. In order to
Jw) = m__ 4 S )T (12) assign backbone amide resonances at@%or the current

study, a series of 2DH—5N HSQC experiments were
collected at temperature values of 37, 33, 29, and?@5
where the effective correlation time for slow internal motions, With a few exceptions, backbone amide resonance assign-
Ts, IS included in the relationship ments easily migrated across the temperature range. A 3D
15N TOCSY-HMQC spectrum was aquired at 2& to
1 = 1y, + 1hg (13) confirm and/or establish any remaining assignments. In the

1+ wzrmz 1+ 0’



original assignment of apo I-FABP at 38, backbonéH/

15N resonances were missing for 23 residues (Hodsdon &
Cistola, 1997), 11 more than were missing in a nearly

identical study of holo protein (Hodsdaat al., 1995). In

the current study, we were able to observe these 11 missing
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resonances by using gradient-enhanced pulse sequences
designed to minimize saturation of the solvent resonance and

& A
by decreasing the temperature from 33 to°25to lower

the amide hydrogen exchange rate. Figure 2 displays the pol———

25°C H/5N HSQC spectra of apo (panel A) and holo (panel 6 20 40 60 80 100 120
B) I-FABP. The backbone amide assignments used in the
present study are labeled in the figure and are available as
Supporting Information.

Amide Hydrogen Exchange Measured by Saturation
Transfer The effect of bound ligand on the rate of amide 0.2 I [ B
hydrogen exchange at 2& was assessed by observing the

; 0.1
transfer of saturation from the solvent resonance to backbone & . MJ M [[ ‘A'
amides. The relative intensity H/'>N correlations col- 0.0 -f &
lected with and without solvent presaturation can be used to o4 e
monitor hydrogen exchange rates which are on the order of "o 20 40 60 80 100 120
the longitudinal relaxation ratelf{™1) of the amide proton Residue
(Gryk et al, 1995). A comparison of saturation transfer g oe3: (A) Relative!H—15N peak intensities with and without
ratios has been used to monitor changes in the local stabilitypresaturation of the solvent resonance along the sequence of apo
of protein structural units (Gryk & Jardetzky, 1996). The (filled circles) and holo (open circles) I-FABP. (B) Difference (holo
use of hydrogen exchange rates to gauge protein stability — @Po) between relative peak intensities for the two ligation states

; plotted such that a positive value denotes an increase in saturation
relies on a model developed by Englander and Ka”enbaChtranSfer in the absence of ligand. In panel B, the average difference

(1984), where local unfolding events disrupt backbone for 4l residues £standard deviation) was 0.024 0.082. Those
hydrogen-bonding interactions; exchange with solvent hy- residues with differences greater than one standard deviation above
drogens is thought to occur from this manifold of locally the mean are listed in the text.

and globally unfolded states.

Gradient-enhanced 2EH—'5N HSQC spectra were ac-
cumulated for I-FABP with and without solvent presaturation
during the relaxation delay. The relative peak intensities are |
plotted in Figure 3A for apo (filled circles) and holo I-FABP BNT, 00 LS
(open circles). For both forms of the protein, a decrease in (ms)
peak intensity due to saturation transfer was observed for 300
residues 2#36. However, for apo I-FABP, the decrease L
was accentuated and two additional locations of rapid 200w e
hydrogen exchange were observed: residuesNR&sb and 0 20 40 60 80 100 120
S71-T76. The difference in saturation transfer between apo Residue
and holo I-FABP is displayed in Figure 3B such that a FIGURE 4. Distribution of the measuret’N T, relaxation time

it ; i ; i values along the sequence of apo (filled circles) and holo (open
positive difference value implies decreased protection from circles) I-FABP. The average values for apo and holo I-FABP were

hyd_ro_g_en exchange in the absence of fatty acid. The re_Sid_ue%SS.l and 439.7 ms, with average 95% confidence limits of 40.7
exhibiting a difference greater than one standard deviation and 36.5 ms, respectively.

from the average were V268N35, N54 and F55, and S#
G75. These three portions of the sequence with decreasedespectively. The residues in apo I-FABP that exhibifed
protection correspond to a single region of the tertiary values lower than these limits were N11, Y14, V2635,
structure corresponding to most afhelix Il, the a-11/5-B S53-R56, A73-T76, and W82. In holo I-FABP, a similar
linker, and the G-D and E-F turns (Figure 1). pattern was observed, but the magnitudes of the decreases
Amide!>N NMR Relaxation ParameterdPeak intensities ~ were generally attenuated relative to the apo protein. The
from the duplicate series @ andT, relaxation spectra were  distributions of theT, and NOE relaxation parameters
normalized according to the intensity of their first data point. displayed a more uniform pattern of values along the protein
Combined, they were adequately fit by a two-parameter sequence. Decreases were observed along the protein
single-exponential decay (eq 1) resulting in lgévalues sequence in the same locations as the lolyeralues. The
and narrow 95% support-plane confidence limits. A three- decreases were small for apo I-FABP and mostly absent in
parameter function did not result in a significantly better fit the presence of ligand. The averages for Thand NOE
to the data. Typically, the additional parameter, describing relaxation parameters were 116410.3 (apoTy), 124.9+
a constant baseline offset, was insignicant in that its 7.9 (holoT,), 0.74+ 0.04 (apo NOE), and 0.7& 0.03 (holo
confidence limits contained a decay to an ordinate of zero. NOE). The complete set of backbone amielé Ty, T,, and
The distribution of >N T; values along the protein {'H}!N NOE parameters for apo and holo I-FABP is
sequence is plotted in Figure 4. The values averaged 438.lavailable as Supporting Information.
and 439.7 ms for apo and holo protein, respectively, with  Spectral Density Function AnalysisAnalysis of the!>N
average 95% confidence limits of 40.7 and 36.5 ms, NMR relaxation parameters began with the determination

02

Relative Peak Intensity

0.4

0.3

Difference (holo-apo)

600

500
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of the optimal overall correlation time{) for the molecules. 1.0 s

Using software developed by Farroet al. (1994), all i W W
residues were simultaneously fit to a simple model-free 08 [ pe

formalism (eq 7) by iterating a grid search through a range 06 L

of T, values. Because the global optimization considers the sz |

simplest model for the spectral density function, only residues 0.4 f

generating an adequate fit were used at this stage. In the i

first iteration of the procedure, residues were selected on 02 i

the basis of the ratio of/T.. Provided that. < 100 ps, 00 b W g
Tm > 1 ns, andT; is not shortened by chemical exchange, 0 20 40 60 80 100 120
TJ/T, is effectively dependent only om, (Kay et al., 1989). Residue

A majortyof esicues n apo and ol LEASP shared Smlar L0 it oo aspromte Spessal Sy rton
Ty/T ratios; those more than one .S.tandard d_eVIatlon OL.JtSIdefor each residue (Tables 1 andp2p) a‘I)ong thgsequence ofyapo (filled
th_e mean were excluded in this initial analysis. For reslldues circles) and holo (open circles) I-FABP.
with T4/T, ratios far greater than the mean, conformational
exchange was probably contributing to a reductionTin and 11 by the two-time scale motion model. Unlike apo
Residues withT:/T, ratios far lower than the mean were |-FABP, neither of these groups of residues displayed any
probably more correctly modeled by the two-time scale clear pattern in their location throughout the sequence.
spectral density function. The generalized order parameté&#, served as a useful
Using the initalty value, all residues were individually ~comparative tool for visualizing the motional characteristics
fit to each of the five representations of the spectral density of both ligation states of the protein. Figure 5 illustrafs
described in Materials and Methods. A second grid searchvalues along the sequence of I-FABP, and Table 3 lists the
was then performed to determine the globally optimtyn average order parameter values for various secondary
using only those residues which were satisfactorily fit by structure elements. A majority of the residues are character-
the two-parameter model-free formalism. A total of 84 ized by order parameters greater than 0.8 with an overall
residues were globally optimized tora of 6.7 ns for apo average £ the 95% confidence limit) of 0.76 0.07 and
I-FABP, and 67 residues were used to similarly determine a 0.82+ 0.04 for apo and holo I-FABP, respectively. Three

7m Of 6.2 ns for holo I-FABP. Using these final, values, distinct segments in apo I-FABP, seen in both Figure 5 and
all residues were again individually fit to each of the five Table 3, display low order parameters. Again, these residues
spectral density functions. are in a single region comprised of hetixll, the o-11/5-B

The most appropriate spectral density function for each linker, and the €D and E-F turns. Although the param-
residue was selected using a procedure similar to that ofeters derived from the model-free description of the spectral
Farrow et al. (1994). Initially, the four models based on density function cannot be interpreted according to a unique
the simple model-free formalism were considered, and the type of motion, low order parameter values are consistent
two-time scale spectral density function (eq 12) was disre- with less restricted motions on the nanosecond to picosecond
garded. These spectral density functions were required totime scale (Lipari & Szabo, 1982a,b). In the liganded form
fit all three relaxation parameters within their 95% confidence of the protein, fewer residues (R28, K29, and A32) display
limits. The effective correlation time for internal motions, very low order parameters. A direct comparison of second-
Te, and the conformational exchange tefRg, were included ary structure elements in Table 3 reveals that, on average,
only if they individually satisfied two criteria: (1) the helix a-Il, linker a-11/5-B, and turnss-C/3-D and 8-E/3-F
parameter values exceeded their calculated 95% confidenceare characterized by a significant increase in order parameter
limits and (2) the equivalent model without their inclusion values upon fatty acid binding.

did not provide a satisfactory fit to the experimental data. It should be noted that sizable errors were observed for
In other words, these terms must have been both requiredresidues displaying order parameters near zero (Tables 1 and
for an adequate fit and significantly non-zero in order to have 2). The errors were not so large that the distributions of
been considered. Lastly, the two-time scale spectral densityprobable values between these residues and the rest of the
function was considered only if none of the simpler models protein overlapped. Rather, the increase in the calculated
satisfied the above criteria. If none of the spectral density 95% confidence limits implied a decreased quality of fit.
functions was adequate, then the model with the lowést Combined with the difficulty in uniquely interpreting the
value was tentatively assigned. model-free parameters, this decreased precision prevents a

Tables 1 and 2 list the final spectral density function clear understanding of the specific nature of the protein
parameters for the residues in apo and holo I-FABP, motions giving rise to lows values. However, it seems
respectively. For both forms of the protein, a majority of likely that in apo I-FABP residues displaying low order
residues were fit by the simplest model-free formalism using parameters undergo motions that are more random and less
either & alone orS with z.. A total of 21 residues in apo  correlated with the rest of the protein and that ligand binding

I-FABP required a conformational exchange tefg, and induces an ordering in these residues resulting in significantly
9 residues were best fit by the two-time scale spectral densityhigher & values.
function &?, S? andze). Those residues fit by the two- The residues requiring conformational exchange terms

time scale model were generally scattered throughout thegenerally coincided with those with low order parameters.
protein sequence. However, residues containing an exchang&®uantitating the difference in exchange terms between apo
term were clearly clustered to three distinct regions: residuesand holo I-FABP was complicated by differences in the
V26—N35, S53-R56, and S7£G75. In holo I-FABP, 28 selection of the most appropriate spectral density function
residues were best fit by the conformational exchange modelfor a given residue (Tables 1 and 2). Therefore, as an
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Table 1: Spectral Density Function Parameters for Apo I-FABP

& Te Rex Ts S? 53 Te Rex Ts 52
Al D67  0.93 (0.04)
F2 F68  0.90(0.03) 0.05 (0.03)
D3  0.88(0.08) 1.72(1.28) A69
G4 084(0.02) 0.04(0.03) Y70 0.84(0.02)
T5 0.91(0.02 S71  0.90(0.06) 1.67 (0.56)
W6 085 (0.02) L72
K7  0.83(0.01) A73  0.00(0.05) 5.13(0.70) 6.56 (2.30)
V8  0.96 (0.02) D74 0.00(0.45) 6.70(3.20) 8.10 (1.85)
D9  0.91(0.02) G75 0.12(0.33) 6.70(2.17) 4.88(1.31)
R10 0.62(0.07) 4.18(1.50) 0.81(0.02) T76 0.68(0.15) 5.96 (2.81)
NIl 0.69 (0.20) 6.70 (2.85) E77 0.82(0.02) 0.06(0.02)
E12 091 (0.02) L78  0.89(0.02)
N13 T79 0.84(0.02) 0.03(0.02)
Y14 0.74(0.15) 6.70 (3.33) 1.00(0.09) G80 0.97 (0.03)
E15 T8l 0.82(0.03) 0.03(0.01)
K16 W82 0.93(0.02)
F17 0.89 (0.02) T83  0.92(0.02)
M18 0.96 (0.03) M84 0.61 (0.06) 424 (2.04) 0.81(0.03)
E19 0.93(0.02) E85 0.82(0.02) 0.04(0.01)
K20 0.92 (0.04) G86
M21 0.55 (0.10) 6.07 (1.63) 0.81(0.04) N87
G22  0.90 (0.03) K88 0.92(0.02) 0.09 (0.07)
123 0.95 (0.03) L89 0.86(0.02) 0.06 (0.04)
N24 V90  0.85 (0.01)
V25 G91l 089 (0.02)
V26 0.45(0.38) 3.86(2.12) 2.02(1.71) K92  0.84(0.02)
K27 0.66(0.22) 3.47(1.73) 2.10 (1.02) F93  0.82(0.02) 0.02(0.01)
R28 0.18(0.31) 3.98(1.70) 3.34 (1.46) K94 0.85(0.01)
K29 R95  0.87 (0.04)
L30 0.32(0.25) 3.67(1.04) 5.45 (1.07) V96  0.96 (0.03)
G31 0.00(0.25) 5.34(1.43) 4.94 (1.27) D97  0.93(0.02)
A32 0.00(0.21) 6.39(1.04) 6.15(1.01) N98 0.79(0.02) 0.02(0.01)
H33 0.00(0.20) 3.86(0.63) 5.19(1.03) G99  0.92(0.02)
D34 007(0.29) 6.70(161) 3.84(L32) K100 0.88(0.02) 0.03(0.02)
N35 022(041) 670(3.12) 2.58(1.48) E101 0.81(0.01) 0.02(0.01)
L36 0.95(0.04) L102 0.81(0.01)
K37 0.97 (0.03) 1103 0.84 (0.02)
L38 0.86(0.02) 0.04(0.04) A104 0.8 (0.02)
T39 0.85(0.02) 0.04(0.02) V105 0.87 (0.02)
140 0.87 (0.02) R106 0.84 (0.02)
T4l 088(0.02) 0.03(0.03) E107 0.95 (0.03)
Q42 0.85(0.03) 0.03(0.03) 1108 0.80(0.01) 0.02(0.01)
E43 088(0.02) 0.03(0.03) S109 0.86(0.02) 0.03(0.02)
G44 G110
N45 N111
K46 0.91(0.03) E112 0.72(0.09) 2.67 (1.19) 0.92(0.05)
F47 088 (0.02) L113  0.90 (0.03)
T48 0.90 (0.04) 2.19 (0.52) 1114 0.85(0.01) 0.03(0.02)
V49 0.90 (0.03) Q115 0.93 (0.02)
K50 0.89 (0.02) T116 0.92 (0.06) 2.43(0.76)
E51 0.93(0.03) Y117 0.81(0.02) 0.05(0.03)
S52  0.95(0.02) T118 0.88(0.02)
S53 0.82(0.15) 2.46(1.84) 1.22(0.79) Y119 0.84 (0.02)
N54 0.00(0.46) 6.70(2.91) 4.98 (1.84) E120 0.71(0.09) 6.70 (2.50) 0.86 (0.03)
F55 0.00(0.20) 5.54(1.34) 4.62(0.92) G121 0.90(0.02) 0.06 (0.04)
R56 0.51(0.28) 4.43(2.02) 4.10 (1.60) V122 0.48 (0.05) 5.62 (1.44) 0.73(0.02)
N57 E123 0.79(0.01) 0.03 (0.01)
I58 0.96(0.02 0.27(0.12) A124 0.84(0.02)
D59 0.87 (0.04) 1.60 (0.45) K125 0.86 (0.03) 2.45 (0.58)
V60 0.74(0.03) 0.02(0.02) R126 091(0.01) 0.05(0.03)
V61 0.79(0.02) 0.02(0.01) 1127 0.74 (0.08) 6.70 (3.00) 0.90 (0.07)
F62 0.88(0.02) 0.04 (0.04) F128 0.65 (0.06) 6.70 (1.94) 0.85 (0.04)
E63 0.88(0.02) K129 0.84(0.02) 0.06(0.02)
L64 0.88 (0.03) K130 0.82(0.03) 0.03(0.01)
G65 0.90 (0.02) E131 0.79(0.02) 0.06(0.01)

V66 0.92 (0.03)
aValues in parentheses represent the 95% confidence limits as described in the text.

alternative approach, we fit every residue in both proteins derived from this analysis are plotted in Figure 6. The
to a single model of the spectral density functic#, (ze, patterns of values are similar to those presented in Figure
andR.y eq 10). Most residues fit well to this model, and as 5, indicating a general agreement between this single-model
expected, many of the conformational exchange terms wereinterpretation of the data and the more detailed analysis
essentially zero. The distributions & and Rex values described previously. Therefore, the model containing a
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Table 2: Spectral Density Function Parameters for Holo I-FABP

53 Te Rex Ts S? 53 Te Rex Ts 52
Al D67 0.91(0.03)
F2 F68  0.87 (0.03)
D3 A69  0.76 (0.02) 1.92 (0.37)
G4 0.85(0.02) 0.04(0.02) Y70  0.85(0.03) 0.02(0.02)
T5 0.92 (0.02) S71  0.86(0.01) 0.03(0.02)
W6 085 (0.02) L72
K7  0.81(0.02) 0.97 (0.31) A73
V8  0.82(0.03) 0.02(0.02) D74  0.70 (0.10) 6.20 (1.97) 1.00 (0.06)
D9 0.87(0.02) G75 0.98 (0.02)
R10  0.90 (0.02) T7% 0.94 (0.05) 6.20 (2.73) 1.00 (0.08)
NI1 1.00 (0.04) 1.06 (0.39) E77  0.76 (0.03) 0.02(0.01)
E12 0.75(0.05) 6.20 (2.17) 0.89(0.06) L78 0.74(0.07) 6.20 (2.71) 0.86 (0.06)
N13 T79  0.87(0.02)
Y14> 1.00 (0.00) 0.46 (0.25) G80 0.72(0.02) 0.02(0.01)
E15 T81 0.82(0.03)
K16 1.00 (0.00) 0.76 (1.52) W82 0.94 (0.03)
F17  0.84(0.02) T83  0.88 (0.01)
M18 0.87 (0.02) M84 0.81(0.01)
E19 0.80 (0.04) 1.06 (0.44) E85 0.82(0.02) 0.04(0.03)
K20 0.85 (0.01) 1.47 (0.39) G86
M21 0.83(0.02) 1.12 (0.41) N87
G22 0.82(0.02) K88 0.85(0.03) 0.06 (0.03)
123 0.82(0.02) 0.02(0.02) L89  0.92(0.03)
N24 V90  0.83(0.02)
V25 Gol 081(001) 0.80 (0.23)
V26 0.78 (0.08) 2.31(1.13) 1.00(0.02) K92 0.77 (0.01)
K27 0.88 (0.04) 1.35(1.18) 1.00(0.02) F93
R28 0.37(0.21) 553(1.26) 3.00 (0.74) K94  0.80(0.01) 0.84 (0.31)
K29 0.00(0.44) 6.20 (2.41) 4.93(1.64) R95  0.84(0.02)
L30 0.77 (0.11) 1.48 (1.00) 0.97 (0.04) V96 0.93 (0.02)
G31 0.71(0.12) 6.20 (2.70) D97 0.77(0.03) 0.01(0.01) 2.31(0.34)
A32 0.24(0.38) 6.20(2.53) 2.74(1.48) N98 0.81(0.01)
H33 084 (0.08) 257(1.72) 1.00(0.01) G99 0.87 (0.02)
D34 0.63(0.16) 4.38(2.39) K100 0.80(0.02) 0.01(0.01) 1.01(0.14)
N35 1.0 (0.01) E101 0.76 (0.01)
L36 0.93(0.03) L102 0.76(0.02) 0.02(0.01) 0.87 (0.38)
K37 0.93(0.02) 1103 0.83 (0.02) 0.73 (0.39)
L38  0.85(0.01) A104
T39  0.85 (0.01) V105 0.79(0.03) 0.01(0.01) 1.43(0.31)
140  0.90 (0.01) R106 0.82(0.01)
T4l  0.90 (0.02) E107 0.82(0.02)
Q42 0.80(0.02) 1108
E43  0.86(0.02) 0.05(0.02) S109
G44 G110
N45 N111
K46 0.98 (0.02) E112 0.88(0.01) 0.06 (0.03)
F47 L113  0.83 (0.02)
T48  0.86 (0.04) 1.17 (0.38) 1114
V49 0.69 (0.09) 6.20 (2.97) 0.84(0.07) Q115 0.89 (0.02)
K50 0.87 (0.02) T116 0.91(0.02)
E51 Y117
S52  0.88(0.02) T118 0.79(0.03) 0.01(0.01) 1.79 (0.28)
S53  1.00 (0.00) Y119 0.84(0.03)
N54 0.97 (0.03) E120 0.72 (0.06) 6.20 (2.41) 0.86 (0.05)
F55 0.64(0.02) 5.46(2.06) 1.92(0.79) G121 0.82(0.03) 0.02(0.01) 1.18(0.32)
R56  0.96 (0.04) V122 0.83(0.02) 0.01(0.01) 0.75(0.32)
N57 E123 0.78(0.01) 0.02 (0.01)
158  0.93(0.02) Al24
D59 0.83(0.02) K125 0.85(0.01)
V60 0.74(0.02) 0.03(0.01) R126 0.81 (0.04) 1.26 (0.39)
V6l 0.77(0.01) 1127 0.87 (0.03) 1.30 (0.35)
F62 0.81(0.02) 0.01(0.01) 0.97 (0.29) F128 0.89 (0.02)
E63 0.82(0.03) 0.94 (0.32) K129 0.82(0.02)
L64 0.80(0.03) K130 0.64 (0.04) 257 (1.21) 0.78 (0.02)
G65 0.89 (0.03) E131 0.73(0.01) 0.05(0.01) 0.86(0.27)

V66  0.93 (0.02)

aValues in parentheses represent the 95% confidence limits as described in thétéswt residues did not fit well to any of the five forms
of the spectral density function. Therefore, the fit with the lowgstalue was chosen.

conformational exchange term provided a meaningful overall Three distinct locations in the apo I-FABP sequence
comparison of the dynamical properties of the apo and holo displayed evidence for some type of conformational exchange
proteins. process that contributes to the transvéPSENMR relaxation
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Table 3: Average Order Parameter Values for Secondary Structural APO HOLO
Elementd
residues apo |-FABP holo I-FABP

helix
a-l 15-21 0.85 (0.04) 0.86 (0.02)
a-ll 25-32 0.27 (0.27) 0.54 (0.20)

strand
B-A 5-12 0.83 (0.05) 0.86 (0.03)
B-B 37-43 0.88 (0.02) 0.87 (0.02)
B-C 46-53 0.90 (0.04) 0.88 (0.03)
B-D 56—63 0.80 (0.06) 0.84 (0.02)
B-E 68-72 0.88 (0.03) 0.83(0.02)
B-F 77-85 0.85 (0.03) 0.82 (0.03)
B-G 88-94 0.86 (0.02) 0.83 (0.02) Ficure 7: Ensembles of 20 superposed Backbone traces for
B-H 101-109 0.85(0.02) 0.80 (0.02) apo |-FABP (Hodsdon & Cistola, 1997) and I-FABP complexed
Bl 112-119 0.86 (0.03) 0.86 (0.02) with palmitate (Hodsdoet al, 1996). The apo ensemble (left) was
p-J 122-129 0.76 (0.04) 0.84 (0.02) characterized by increased average pairwigdéViations that were

reverse turns most apparent in residues 296 and 54-57.
a-l/a-ll 22-24 0.92 (0.03) 0.82 (0.02)
B-BIB-C 44 and 45
B-CIB-D 54 and 55 0.00 (0.33) 0.82(0.12) DISCUSSION

-DI-E 64—67 0.91 (0.03 0.88 (0.03 . . .
g-E/g—F 73-76 0.20 50.253 0.88 20.063 To date, rat I-FABP is the Only member of the iLBP famlly
B-FIB-G 86 and 87 for which the NMR solution structures and backbone
gafg:* 151*3—1%0113 0.89(0.02) 0.84(0.02) dynamics have been characterized in the presence and
- - an . _

o1l 120 and 121 0.81 (0.05) 0.77 (0.04) absence of b_ound ligand. Therefore, the results for I-FABP

linkers provide a unique opportunity to assess the effect of bound
B-Alo-| 13 and 14 0.74 (0.15) 1.00 (0.00) ligand on the solution-state properties of the protein at the
a-ll/g-B 33-36 0.31(0.24) 0.85(0.07) atomic level. In the present study, the backbone mobility

aSecondary structural elements are defined by the consensusOf I-FABP in the presence and absence of bound fatty acid
chemical shift index of holo I-FABP (Hodsdcet al, 1995). Values  was directly compared using NMR measurements of amide
in parentheses represent the 95% confidence limits as described in theH exchange rates arfiN NMR relaxation rates. In both
text. ® Because of rapid amide hydrogen exchange, order parameter: : :
are not available for some of thturn elements. Stypes O.f measurements, we observed thgt a smglg region pf
the tertiary structure had unusual dynamic properties. Resi-
dues ina-helix 1l, the a-1l/5-B linker, and the G-D and

1.0

L ‘m E—F turns were more mobile than other parts of the protein,
08 r m@% particularly in the absence of bound fatty acid. Within helix
06 | II, the increased mobility was most pronounced in the
CLEE S J C-terminal portion. The local disorder in apo I-FABP was
04 shown by higher rates of amidél exchange, lower order
02l parameters, and sizable conformational exchange terms. In
- contrast, the remainder of the protein backbone was char-
00 B acterized by slow amide hydrogen exchange, high order
parameters, and vanishing conformational exchange terms
9.0 . . .
8.0 for both ligation states of the protein.
7.0 We previously established evidence for a discrete region
6.0 of backbone disorder in apo I-FABP by comparing its NMR
Rex 5.0 . . . .
(s1) 40 solution structure with that of the protein complexed with
3.0 palmitate (Figure 7). The apparent backbone disorder in the
20 apo structure was shown by local increases in the average
c‘)'g Rzl lrlnes Jotl b Sla BUAIRL JRKAL pairwise Qx deviations and differences in the consenitis
"0 20 40 60 80 100 120 BC chemical shift indices for the apo and holo proteins
Residue (Hodsdon & Cistola, 1997). In addition, some amit¢
FiGURE 6: Distribution of the generalized order paramegrand resonances were selectively absent in triple-resonance spectra

the conformational exchange terR,, derived from fitting every ~ Of the apo, but not holo, proteins collected under nearly
residue in apo (filled circles) and holo (open circles) I-FABP to a identical conditions. The apparent disorder was most
fixed model of the spectral density function containing the paramters pronounced in residues K2936 and N54-N57 and

. e andRex coincided with the region of increased backbone mobility

time (Figure 6). The specific interpretation of tRg term ~ as determined in the current study. Thus, the dynamic
is Comp"ca‘[ed and depends on know|edge of all the Statesmeasurements reinforced conclusions drawn from Compari-
involved in the exchange process and their chemical shift sons of the chemical shifts and NOE-derived structures and
differences (Pa|m$t al., 1991) However, as described in indicated that the local Varlablllty in the ensemble of apo

Materials and Methods, the presence of a non-ZRso NMR structures represents increased backbone mobility in
parameter in the fit of the relaxation data to the spectral @ specific region of the protein.

density function implies that an exchange process occurring The cumulative evidence for a localized region of back-

on the microsecond to millisecond time scale. bone disorder in apo I-FABP is compelling and is sum-



2288 Biochemistry, Vol. 36, No. 8, 1997 Hodsdon and Cistola

1 1 20 30 40 50 60 70 80 90 100 110 120 130
AFDGTWKVDRNENYEK FMEKMG INVVKRKLGAHDNLKLT I TQEGNKF TVKESSNFRN IDVVFELGVDFAYSLADGTELTGTWTMEGNKL VGKFKRVDNGKEL | AVRE I SGNEL (QTYTYEGVEAKR [ FKKE

33° HX

[ o eeoe (1) 1)
{ms-s)
25° HX
(ms-s) 00 o000s00 o0 o o0
Acsi so0e . o . . . .
(>ms)
TRMSD sosscscscssre s00e
(ms-s)
Rex 00 o00eee (117} * soe
(ps-s)
Is? o0 eoocee oo L)
(ps-ns)
Secondary Shremure OO DA D) o ) ) oD S T ——

B-A a1l  al p8 pBC pD BE  BF  BG B-H [j-lv [3-Jv

Ficure 8: Summary of the NMR evidence for discrete disorder in the backbone of apo I-FABP. The dots in each row represent the
following: 33° HX, positions of backbone amide protons missing in triple-resonance spectra of apo but not holo I-FABP (Hodsdon &
Cistola, 1997); 25HX, positions of backbone amide protons less protected in the apo state (Figure@GHl);residues exhibiting disorder

in the consensu&H/13C chemical shift indices of apo but not holo I-FABP (Hodsdon & Cistola, 198RMSD, regions of increased
pairwise G deviations in the ensemble of apo I-FABP NMR structures (Hodsdon & Cistola, 1Bg7positions requiring exchange term

for analysis of relaxation for apo I-FABP (Table 1); aBY residues with low& values for apo I-FABP (Table 1).

marized in Figure 8. The regions with increased backbone posable [see Figure 14 of Scaph al. (1992)]. None of
mobility, as determined from relaxation measurements, the crystal structures exhibited any obvious openings large
correlate well with the regions of increased backbone enough for the entry and exit of fatty acid. However, a
deviations in the NMR structure ensemble. A somewhat region bounded by the-helices and the €D and E-F turns
similar correlation has been observed with interleukin-4 exhibited the least dense packing of atoms and was viewed
(Redfieldet al., 1992). as a likely location for a ligand entry portal (Sacchetghi
Several other proteins have been observed to undergodl-, 1989). Also, a narrow solvent channel connecting the
changes in backbone mobility upon ligand binding. Ex- interior cavity with the external solvent was observed in this
amples include FK506 binding protein (Cheeigal., 1994), region. The aromatic ring of F55 appeared to serve as a lid
acyl-coenzyme A binding protein (Rischetlal., 1994), and to this channel, and its side chain conformation varied in
HIV protease (Nicholsoet al., 1995). In at least one case, the presence and absence of fatty acids. On the basis of
single-stranded DNA binding to a topoisomerase domain (Yu these studies, the binding of fatty acid was thought to be

et al, 1996), several regions of the protein backbone becameaccompanied primarily by the displacement of ordered water
lessordered upon ligand binding. molecules without prominent conformational changes in the

Dynamic Portal Hypothesis.We recently presented a protein (Sacchettingt al, 1992; Banaszakt al., 1994).
revised hypothesis suggesting that the localized region of A somewhat different hypothesis was that ligand binding
backbone disorder in I-FABP constitutes a dynamic, flexible involves a significant change in the conformation of the
portal that permits the entry of ligand (Hodsdon & Cistola, protein backbone. This view was based on the differing
1997). According to this hypothesis, apo I-FABP exists as susceptibilities of several lipid-binding proteins to limited
a manifold of locally disordered and ordered states in proteolysis in the presence and absence of ligand (Jamison
solution, and the disordered states are characterized by et al, 1994). Additional evidence for a conformational
decoupling of long-range interactions between helix 1l and change came from studies comparing the properties of a
the C-D turn and a fraying of the distal half of helix Il. We  helix-less variant of I-FABP with those of the wild-type
proposed that the binding of fatty acid shifts the order protein (Kim et al, 1996; Cistolaet al, 1996). A rate-
disorder equilibrium toward the ordered, closed state by limiting step was observed in the association of oleate with
stabilizing a series of cooperative interactions resembling a wild-type I-FABP but not with the helix-less variant. This
helix capping box (Aurora&t al, 1994; Hodsdon & Cistola,  rate-limiting process was interpreted as a conformational
1997). change involving the helical region that allowed the ligand

The concept of a ligand entry portal was originally access to the internal binding cavity (Cistelal, 1996).
proposed by Sacchettieit al. (1989, 1992) and was based The dynamical picture of I-FABP provided by the current
on a detailed comparison of the high-resolution X-ray crystal NMR results lends support for some features of the earlier
structures of I-FABP with and without bound fatty acids. In hypotheses while providing new insights into the ligand entry
the X-ray structures, the backbone conformations of the apoand exit mechanism. The region of discrete backbone
and holo forms were well-ordered and essentially superim- disorder and increased mobility in the NMR structures,
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although not observed in the X-ray structéiegincides with Any mutation or modification of this residue results in a
the deduced location of the ligand entry portal (Sacchettini slower overall rate of fatty acid transfer and a virtual absence
et al, 1989). The current view of the portal is that of a of sensitivity to membrane charge. The addition of a second
flexible, dynamic region of the protein backbone rather than lysine at position 28 of helixx-Il of H-FABP, naturally

a relatively fixed channel that is modulated by the rotation present in A-LBP, increased the fatty acid transfer rate 4-fold
of a few side chains. Also, the NMR results are consistent and results in agreement with the rates observed for A-LBP.
with a conformational change associated with ligand binding. This residue is one of the few sequence dissimilarities in
We envision the conformational change as an ordiésorder the helical domains of A-LBP and H-FABP, whereas there
transition with a fraying of the distal half of helix Il and a is no sequence similarity with L-FABP in this region. These
decoupling of long-range interactions with the-D turn results demonstrate that ionic interactions involving residues
(Hodsdon & Cistola, 1997), rather than hinged rotation of in the helical domain regulate the collisional mechanism of
the entire helix-turn—helix domain relative to the rest of ligand transfer observed in some iLBPs.

the protein. . . The effect of mutations on the transfer of fatty acid to
The NMR solution structure of the apo form of porcine  phospholipid membranes was specific to the helical domain
I-LBP has recently been determined using 28 NMR of H-FABP since modifications g§-sheet residues, with one

methods (Leke et al, 1996). Porcine I-LBP shares 21% potaple exception, had no effect. Mutation of K59, located
sequence identity with rat I-FABP and has a different ligand iy the c—D turn of H-FABP, increased the rate of transfer
specificity, preferring bile salts over fatty acids.”dke et by 2-fold with no affect on the sensitivity to membrane
al. propose that I-LBP may have increased flexibility in the charge. A double mutation at positions K22 and K59
f-sheet region of the protein compared with other members regyjted in a roughly additive effect on the transfer rate,
of the lipid-binding protein family and that the increased g ggesting that at least two distinct structural regions may
flexibility may explain the difference in ligand specificity. jndependently affect ligand transfer. The authors speculated
This f-sheet flexibility was not observed in the ensemble of 4 5 possible multiphase mechanism for fatty acid transfer.
NI\_/IR structures but inferred from. NOEs, amitid chemical First, protein-membrane collisions, governed by ionic
shift values, and the rate of disappearence of amifle jnteractions with specific residues in the helical domain, are
resonances in #D. This proposed flexibility in th-sheet  required. This may be followed by a conformational
domain of I-LBP is different from the backbone disorder {ansition or “repositioning” involving the €D turn and
and increased mobility in the portal region of I-FABP, as yegyiting in a “hinged opening” of the portal region to release
described in the current study. ligand.

Like 1-FABP, the ensemble of NMR structures for apo
I-LBP also exhibited increased variability aa-helix Il and
the C-D turns (Licke et al,, 1996). Since the backbone
dynamics of I-LBP have not yet been characterized, it is not
yet known whether this variability represents increased
disorder or simply a lack of conformational restraints in this
region of the protein. Also, the NMR structure of the holo
form of I-LBP has not been determined, and it is not yet

known whether this variability is aff he presen . . .
° ether this variability is affected by the presence rium toward the disordered state(s) and facilitate the release

of ligand. Nevertheless, the variability could represent a : ;
phenomenon similar to that described here for I-FABP and of ligand tq thg acpeptor. 'In th.|s manner, I'FABP. may b.e
able to adjust its ligand dissociation rate depending on its

may indicate that the apo forms of other members of the ° ‘ . ith vari I In th ool th
protein family also exhibit discrete backbone disorder in the Intéractions with various organetles. 1n the cytoplasm, the

portal region. The ensemble of NMR structures of bovine fatty _aud-prote_m complex wou_ld be more stable an(_j
heart FABP also showed variability in helix 11, but unlike optimized for ligand sequestration and transcytoplasmic

the case for I-FABP, the variability in the structures was diffusion. The dynamic portal would be in an essentially

observed in the presence of bound ligand (Lagse, 1995: closed state, with a lower fatty acid dissociation rate and
Hodsdonet al, 1996) ' ' higher affinity. However, during a collision with target sites,

Implications for Fatty Acid Transfer and Targetind he the coqperative intera_lctions [n the_ dynamic portal WOUId be
research of Storch and co-workers has elucidated distinctdes.t.ab'.l'zeq and the ligand dissociation rate would increase,
mechanisms by which different iLBPs transfer fatty acid to faC|_I|tat|n_g ligand release. Hence, the ability of I-FABP to
phospholipid membranda sitro (Kim & Storch, 1992a,b: collide with target organelles and release fatty acid through

Wootanet al, 1993). Liver FABP releases ligand to the a Io<_:a||y disordergd region of the_ protein b_ackbone may
aqueous milieu prior to insertion into membranes. In provide a mechanism for preferentially targeting fatty acids

contrast, the adipocyte, heart, and intestinal proteins transfe® Ccertain organelles and metabolic pathways.

fatty acid during .di_rect, effective collisions with acceptor AcKNOWLEDGMENT

membranes. lonic interactions between charged residues in
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govern these collisional interactions. Fatty acid transfer ratesMuhandiram, and Lewis Kay of the University of Toronto
from A-LBP and H-FABP increase as a function of mem- for generously providing valuable advice and software for
brane negative charge and decrease with positive charge. Ahe relaxation analyses as well as source code for the pulse
single lysine side chain, located at position 22 in helik sequences. We also thank Drs. Chang-guo Tang for NMR
appears to be responsible for the ionic interaction betweenadvice and assistance and James Toner for the biosynthesis
H-FABP and phospholipid membranes (Hetral, 1996). and assistance with the purification of the samples.

Given the collisional transfer mechanism (Hsu & Storch,
1996), it is tempting to speculate about the possible role of
backbone flexibility in the intracellular function of I-FABP.
We suggest that the ordedisorder transition observed in
the NMR results for I-FABP may correspond to the “con-
formational transition” postulated by Storch and co-workers.
Thus, the collision of the fatty acigprotein complex with
acceptor membranes may shift the oredisorder equilib-
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SUPPORTING INFORMATION AVAILABLE

Five tables containingH/**N assignments for apo and holo
I-FABP at 25°C, complete’>N NMR relaxation parameters

Hodsdon and Cistola

Kay, L. E., Torchia, D. A., & Bax, A. (1989Biochemistry 28
8972-8979.

Kay, L. E., Keifer, P., & Saarinen, T. (1993) Am. Chem. Soc.
114, 10663.

for apo and holo |_FABP' and Comp'ete Spectra' density Klm, H. K., &Storch, J. (1992&) Biol. Chem. 26,/20051-20056.

function analyses and parameters for apo and holo I-FABP
(36 pages). Ordering information is given on any current

masthead page.
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