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Binding Kinetics of Engineered Mutants Provide Insight about the Pathway for
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ABSTRACT. To better understand the mechanism by which fatty acids bind to and dissociate from the
binding cavities of fatty acid binding proteins (FABPs), we constructed 31 single amino acid mutants of
the intestinal FABP (I-FABP) and determined the rate constants for binding and dissociation, primarily
for long-chain fatty acids (FA). FA dissociation from these proteins was measured both by the ADIFAB
method and by the change in tryptophan fluorescence of the FABPs. Rate constants for tiggling (
were calculated from the rate constants for dissociatigr) &nd the equilibrium binding affinities. Amino

acid substitutions were made at locations within the binding cavity, in the region of the gap between the
pD- andpE-strands, and within the “portal” region of the protein. Tag values for the mutant proteins
ranged from about 20-fold slower to 4-fold faster than the wild-type (WT) protein. Valuds fovere

as much as 20-fold slower than the WT protein, but in no casekyasgnificantly faster than the WT.
Mutants with slower and fastég; values were generally those involving sites within the binding cavity
and, relative to the WT protein, revealed higher and lower affinities, respectively. Reduced rates of binding
were generally, but not exclusively, associated with sites within the portal region. For example, for F68A
which is located closer to the opposite end of the protein from the portal regiofgtie more than
10-fold slower than WT. Even for these distal sites, however, the evidence is consistent with reductions
in kon being due to alterations of the portal region. Binding affinities and rate constants measured as a
function of ionic strength also suggest that the FA initially binds, through an electrostatic interaction, to
Arg-56 on the surface of the protein, before inserting into the binding cavity. Thus, the results of this
study are consistent with FA binding to I-FABP involving an initial interaction with Arg-56 followed by
insertion of the FA, through the portal region, into the binding cavity and with a reversal of these steps
for the dissociation reaction.

Fatty acid binding proteins (FABPsare approximately  the rat intestinal FABP (rl-FABP) range from about ' s
15 kDa cytosolic proteins that are found in a wide variety for oleate to 30 ' for linolenate, at 37C. Moreover, rate
of cells and likely play important roles in fatty acid (FA) constants for bindingkg,) at 37°C are on the order of 1.0
metabolism {—4). X-ray crystallography and NMR studies x 10 M~ s for the long-chain FA and, given the high
indicate that the dominant feature of the FABP structure is intracellular concentrations of FABP%5), imply times that
a “clam shell” formed by 10 orthogonglstrands and a pair  are less than seconds for FA binding.

of a-heliqes which creates a FA binding site deep within o the FA can enter and leave the I-EABP so rapidly is
the protein §—11). not immediately apparent from the apo and holo crystal
Although the details of how FABPs function in FA images of this protein because no large entry way into the
metabolism remain to be elucidated, it is generally thought pinding cavity is revealed by these images and because little
that by binding and releasing FA, FABPs either transport or no conformational difference exists between the apo and
FA between specific intracellular locations and/or provide a holo states. However, because the binding cavity can be
buffer for maintaining intracellular FFA levels4,( 12). observed through an orifice formed by the region circum-
Because characteristic times of FA transport and metabolismscribed by the, helix, and the neighboring turns between
are on the order of second$3j, one would also expect AC andSD and betweerE and/F, Sacchettini et al.5)
binding to and dissociation from the FABPs to be at least jdentified this “portal region” of I-FABP as the probable site
this fast. Rate constants for FA binding and dissociation to of entry for FA. As a static structure this orifice is too small
a variety of FABPs are consistent with this expectatibf).( o admit a FA, and it was expected that FA entering into
In particular, rate constants for FA dissociatidgy} from and exiting from the cavity would be facilitated by the
movement of a small number of side chains within the portal
fThis work was supported by Grant GM46931 from the National region without the need for large changes in conformation
Institute of General Medical Sciences. (16). This concept has been extended and refined by Cistola
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labeled at Ly& with acrylodan; FA, fatty acid; FABP, fatty acid binding ~ Solution structures of the apo and palmitate complex of
protein; LA, linoleate (18:2); OA, oleate (18:1). [-FABP using NMR and have monitored the binding kinetics
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of a helixless mutant of I-FABP. These studies suggestedwith FA first binding to Arg-56 on the surface, then entering
that the FA enters through the portal region because, in thethe binding cavity through the portal region, and reversing
apo protein, this area exhibits a high degree of mobility. these steps for dissociation.

Although the exit pathway might be distinct from the entry
pathway, evidence suggests that exiting the protein alsoMETHODS
involves the portal region. In particular, Storch and col-
leagues have found that membranes containing anionic - ) .
phospholipids stimulate the transfer of FA from FABPs to Préviously @4-26), using the sodium salts of the FA
the lipid membranesl@). The mechanism by which this purch_ase_d from Nu Chek Prep, EIyS|a_n, MN. Al blnd_lng
transfer is stimulated appears to involve positively charged and kinetic measurements were done in a buffer consisting
amino acids within or near the portal regid?0(21). Storch of 20 mM HEPES, 150 mM NaCl, 5 mM KCl, and 1 mM
et al. have suggested that an interaction between the portal\@HPO4, at pH 7.4. The fluorescent FFA probe, ADIFAB,
region and intracellular membranes may enhance the rate ofV@S Prepared from acrylodan-derivatized recombinant rat
FA dissociation from the FABP and thereby effectively target INtestinal fatty acid binding protein (rl-FABP) as described
FA to specific membranes such as those of the mitochondria(24) and is available from Molecular Probes, Eugene, OR.
(21). Consistent with this mechanism, Cistola et &8)(have Al Fhe I-FABP mutants were constructed, ex_press_ed, and
found thatkey from the helixless mutant is more than 100- Purified as described previousl24—26). After isolation,
fold faster than WT, suggesting that the membraRABP the proteins were stored at°€ in buffer consisting of 50

interaction may promote FA transfer from the FABP to the MM Tris, 1 mM EDTA, 0.5 mM PMSF, and 0.05% sodium
membrane by altering the conformation of the portal’s helix. 8Zide at pH 8.0. The I-FABP mutants were found to be stable;

Our previous studies are also consistent with the portal binding affinities for the I-FABP mutantg were unchanged
region as the site of FA entry to the binding caviti), after several months of storage. In addition, we monitored
Thus, k, for ADIEAB is about 10-fold lower than the the conformational stability of the WT and mutant proteins
underivatized I-FABP. This is consistent with a portal o dena_turatlon by guanidine hydrochloride (Gdn-HCI) by
entryway because acrylodan is attached on helix Il at location M€asurng tryptophqn quore;cend@x(z 290 nm andiem
27 and faces toward th8E—AF and SC—/D loops, and = 34Q nm) as (_jescnbed previously for 11 pf the 31_1 I-FABP
molecular simulations (not shown) of the apo I-FABP proteins used in the present stu@r), Consistent with our

derivative are consistent with acrylodan wedged within the previous resul't_s, for all 3.4 protein§ no correlation was fqgnd
portal region. In addition, we found that the activation between stability and binding affinity or between stability

barriers for FA binding to WT adipocyte, heart, and the 2nd rateé constants (data not shown).
intestinal FABPs were similar, Z 0.3 kcal/mol, and Determination of Rate Constanfsleasurements of equi-

primarily enthalpic, suggesting that entry into the respective librium binding of FA to FABP were done using ADIFAB
binding cavities involves a specific and similar conforma- fluorescence to monitor the binding of the FA to each FABP

tional change. Given that similar portal regions have been as described2g). Two independent stopped-flow fluores-
identified in each of these proteing, (3), these results ~ cence methods were used to detect the dissociation of the

suggested that entry to the binding cavity may involve similar FA. In the first, we mixed FA/FABP complexes with
alterations in the portal region of each protein. Liver FABP, ADIFAB and determined FA dissociation from the I-FABPs
for which the crystal structure suggests a greater degree ofdy monitoring the binding of FA to ADIFAB, as described
mobility in the portal region compared to other FABRS,(  Previously (4). In the second method, we mixed FA/FABP
also has a significantly smaller activation free energy for complexes with rat liver FABP (L-FABP) and monitored
binding (6.3 + 0.4 kcal/mol) and a significantly more the time course of tryptophan fluorescence. Because L-FABP
favorable activation entropy than the other three FABR% (has no tryptophan, the time course of tryptophan fluorescence
Finally, the activation enthalpy for binding to both ADIFAB  could be used to determirey for the I-FABP proteinskon
and the WT proteins is dependent on the FA type, raising Values were calculated dg, = koi/Ka, whereKq is the
the possibility that entry into the cavity involves an initial €quilibrium dissociation constant.
binding step before the FA enters the cavigy. ( Molecular Modeling Method$vlolecular simulations were
Structures of the cellular retinoid binding proteins are quite done using the INSIGHT/DISCOVER 97 programs from
similar to the FABPsJ). Based upon higher crystallographic  Molecular Simulations Inc., San Diego, CA. Several choices
temperature factors for theC—£D andSD—fE loops and exist for starting structures for these calculations including
molecular dynamics simulations, these proteins may undergoseveral apo and holo structures determined by X-ray crystal-
significant structural changes in the portal region as well as lography and solution structures determined by NMR. In
the gap between th8D and SE strands 23), raising the initial studies using NMR apo structures (PDB entry code
possibility that ligand entry/exit may involve thgD—SE AE10, for example), we observed that amino acid substitu-
gap. tions generated large changes, compared to the WT, in the
Thus, although a variety of studies are consistent with the energy-minimized structures. This was primarily due to an
notion that the FA enters and exits the binding cavity through insufficient number of water molecules inserted into the
the portal region, current evidence cannot exclude alternativebinding cavity by the INSIGHT “soak” function. We
pathways. To further define the pathway of binding and therefore used for the simulations of the apo proteins, the
dissociation, we have determined the rate constants for FA1.2 A structure determined by X-ray crystallography (PDB
binding and dissociation from single amino acid mutants of entry code 11FC) which includes 22 water molecules within
I-FABP at locations that form the portgdD—pE gap, and the binding cavity 28). For the holo proteins, we used the
binding cavity regions. Results of these studies are consistentrystallographic structure with bound palmitate (PDB entry

Materials. All measurements were done, as described
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code 2IFB). For both the apo and holo structures, all Table 1: Binding Affinities and Rate Constants for I-FABP

crystallographic waters were used in the simulations. Proteing
TQ simulate amino _acid substitutions, we _qpplied the Kq (NM) Kot (5°1) Kon (x10°7) (M~1s70)
residue replace” function of IN?IGH]’ to the; initial apo or protein  O& LA® OA A oA A
holo structures and used the “soak” function to generate n n 5
eithe a 5 or a 10 Athick water shell around these proteins. ADIFAB 232 72? 2'2 2'8 2'0 8'8
This added approximately 823 or 1563 molecules of solvent ApjraB2 32 85 058 1.1 18 13
water and, for mutants whose side chains were significantly N11A 28 87 23 5.9 8.1 6.8
smaller than the WT, up to 2 additional water molecules in Y14A 20 37 2 2.9 10 7.7
cavity. Th p ” ; 17A 63 152 3.7 7.6 5.9 5
y. The WT and “mutant” structures, together with the 333 500 4 45 15 09
crystallographic and added water molecules, were subjectedyo1a 51 104 4.1 79 g 756
to energy minimization using DISCOVER These calculations 123A 116 271 58 10 5 3.8
were done with the CVFF force field using the following K27A 9 30 14 2.8 15 9.4
. ; ; K27F 7 18 035 09 4.9 5.1
parameters: pH 7.0, no cutoff for the nonbonded interactions, 175 258 56 3 32 31
and a convergence parameter of a maximum derivative of £475 52 182 15 31 29 17
0.1 kcal mot? A~ for the conjugate gradient method. The E51A 11 34 1.7 4.5 15 13
energy-minimized structures were compared according to Eggé 124;613 CZC;%) %‘% 4%3; %57 11?é
their backbone RMS differences and visual inspection of REGA 367 948 68 55 18 0.58
Connolly surfaces. V60A 34 118 24 4 7 3.4
Molecular dynamics were simulated for between 200 ps F62A 65 220 3 33 4.6 15
and 1 ns for the WT and several mutants. The starting F&8A 440 1230 44 3.2 1 0.26
e . Y70A 20 93 2.3 25 12 2.7
structures were the energy-minimized system of protein plus g1 8 28 078 > 9.3 73
either the 5 or the 10 A water shell, to which was added for | 72a 1 2 009 0.14 7 6.5
the dynamics calculations an additional fixed 5 or 10 A shell D74A 343 800 4.8 5.6 1.4 0.7
of water to prevent water from escaping from the inner L78A gg 1gg g-i ?-é g-% gg
(unconstrained) water shell. The dynamic calculations were g, 26 50 4.1 42 16 8.4
done at 300°C with the cell multipole summation method | 1024 1 4 01 0.25 9 71
used for nonbonded interactions, a step size of 1 fs, and R106A 1 2 0041 0.035 4.1 15
molecular coordinates saved every picosecond throughoutR106Q 721 127 42 5.4 5.6 4.3
the trajectory. These coordinates were used to trace the timeQ115A 12 370 01'21 g? g '98 1f
courses of several atom to atom distances in the portal andr; 264 243 347 3.4 5.9 1.4 1.7
gap regions and thereby gauge the effect of amino acid R126Q 239 342 55 12 2.3 3.5

substitutions on the side chain and backbone dynamics in

a Measurements of FA binding affinities and rate constants were done

these regions. RMS changes relative to the starting structuresit 25°C as described under Methods and previougl 26). The Kq
were evaluated for each trajectory, and analyses of atom tovalues, whose standard deviations ranged between 5 and 10%, were

atom distances were done using only the plateau portions offéasured previousiy2g, 26, 27, 29). ko values were determined by

. . . averaging the results from the transfer of FA from FA/FABP complexes
the traJeCtor'eS for which RMS changes werd.5 A. to ADIFAB for four different FA concentrations. The standard
Calculations were done using an SGI R10000-O2 work geviations from these multiple determinations wet@0%. In several

station and typically required about 10 h for optimization cases where the relative changes for oleate and linoleate were
and 20 days for 1 ns dynamic runs. significantly different (see Figure 1), the sets of four measurements
were repeated. Both sets of results for these cases (for example, F55G
and R56A) yielded equivalent (differences30%) values® FA are
abbreviated OA (oleate) and LA (linoleate).

Rates of Dissociation of Long-Chain FA from WT and
Mutant I-FABP Proteins Rate constantskds) for the
dissociation of oleate and linoleate from I-FABP proteins
were determined at 25C. The primary approach to
determiningky was to measure the time course for FA

RESULTS

L-FABP, which has no tryptophan (Table 2, Figure 2). The
different proteins revealed changes in tryptophan intensity
that differed considerably in magnitude and sign (Table 2).
Reliable ko values were obtained only for those proteins
binding to ADIFAB following dissociation from I-FABP,  for which the intensity change was greater than about 10%
as described previously for wild-type (WT) FABPEX 22). in about 16 out of the 32 proteins investigated. In most cases,
These measurements demonstrate that single amino acid,; values determined by tryptophan and ADIFAB were in
substitutions yield proteins for whidhys values range from  reasonable agreement, differing by less than a factor of 2,
about 100-fold slower to 4-fold faster than WT (Table 1, although the tryptophan-determined values were larger.
Figure 1). Proteins with significantly slowepr 8-fold) ko Moreover, in virtually all cases the changeindetermined
values were those (K27F, L72A, L102A, R106A, and by both methods were in agreement (Figures 1 and 2).
Y117A) that also reveal significantly larger affinities than Rates of Binding of Long-Chain FA to WT and Mutant
WT (Table 1). Significantly faster(3-fold) ko values were | -FABP Proteins Rate constants for bindingk#) were
observed for 123A, D34A, F55G, R56A, and R126Q, all of determined, primarily, by calculation &s, = ki/Kg using
which reveal smaller affinities. the kot andKgq values of Table 1. In addition, we measured
Rate constants were also determined by monitoring the ko, values in selected cases using the change in tryptophan
time course of tryptophan fluorescence intensity as oleatefluorescence upon FA binding and for the acrylodan deriva-
dissociates from the donor I-FABP protein and binds to tives, WT (ADIFAB) and L72A mutant (ADIFAB2), by the
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238 a3 kel of tryptophan fluorescencks values were determined as described

. ) ) under Methods, and the quantities plotted kg, — 1 for k >
Ficure 1: Relative change ok, and k., determined using kwr and 1— kyr/k for k < kyr, wherek is kog. Results are shown
ADIFAB. The values plotted here, for each of the 31 mutants and only for those proteins for which the change in tryptophan
ADIFAB and ADIFAB2, are the quantitiekyr — 1 fork > kwr  fluorescence was greater than 10%. Results are for measurements
and 1— kwr/k for k < kwr. Theky values for the unlabeled proteins gt 25°C.

were measured using ADIFAB, arkg, values were calculated as
kori/Kg, @s described under Methods. Values for the labeled proteins
ADIFAB and ADIFAB2 were measured previously (14, 22). Results
for kg and k., are shown in the upper and lower panels,

Table 3: Dependence ¢fy andk. on FA Chain Length for the
WT and F55A Proteirfs

respectively. Results are for measurements at@5 FA Kg(F55A)Ky(WT) koit (F55A)Koii(WT)
- 12:0 1.2 nd
Table 2: kyt Values from the Change in Tryptophan Fluorescénce 14:0 2 0.8
Kot intensity Kort® intensity 16:0 5 2.4
protein  (sY) change (%) protein (s) change (%) igg g ;04
WT 2.2 16 F62A  — 7 - '
N11A 35 16 F68A — -3 aKq values were measured at 3C andk at 25°C for FA chain
Y14A  — 3 Y70A  — -10 lengths between 12 and 18 carbons.
F17A 7.7 11 S71A 2 17
M18A  — 7 L72A 0.41 12 -
M21A 7.6 15 D74A  — 10 (3,_5_),_ we meas_ured_fo_r the WT and F55A mutant binding
23A 21 15 L78A  — 2 affinities and dissociation rate constants for laurate (12:0)
K27A 2.7 17 WB82A - 10 and myristate (14:0), in addition to the longer chain FA.
K27k 0.82 18 FO3A  — =7 Results of these measurements indicate that the reduction in
D34A - 8 L102A  0.35 11 ffini diated by E55A d haroly with d .
FA7A 29 15 R106A 021 13 affinity mediated by ecreases sharply with decreasing
E51A 3 13 R106Q 8.7 -13 FA chain length, from a 9-fold reduction for 18:0 to a 20%
FS5A - 10 Ql15A - 2 reduction for 12:0 (Table 3). The reduction in affinity for
F55G - 3 Y117A 0.8 17 F55A is in par nincr iy for the longer chain
REGA  — 5 R126A — 55A is in part due to an increasekgy for the longer cha

FA but not for 14:0 (Table 3). This suggests that interactions
between the terminal end of the long-chain FA and Phe-55
stabilize the bound state rather than serving as a lid to prevent

VG60A 5 17 R126Q — 10

a Measurements of the time course of tryptophan fluorescence were
done at 25°C. Approximately 1uM I-FABP protein complexed with

oleate was stopped-flow-mixed with aboutM rat liver FABP. FA from exiting the binding cavity, consistent with the
Tryptophan time courses were measured at four oleate concentrationssuggestion from the NMR structuré?).
between about 0.25 andi@M. The ko values listed in this table are lonic Strength Dependence of Bindir@harged residues

averages from the four time courses, and the standard deviations were . .
<40%. Only cases in which the time course of the tryptophan intensity 1N the portal region ofD—jE gap might affect entry or
changed more than 10% yielded reliaklg values.® The tryptophan exit from the binding cavity through electrostatic interactions
fluorescence intensity changes are equal to 2001, — 1), wherelo (5). We therefore investigated binding and rate constants as
!s the intensity in the abse_nce of FA ahd;_ the value at equilibrium a function of NaCl concentration for the WT protein and
in the presence of approximately saturating amounts of oleate. four mutants in which a charged residue was replaced by a
neutral amino acid. The results of the binding affinity
change irRvalue. The calculated and directly measuked  measurements reveal decreased binding affinities with in-
values are in good agreement (data not shown). The resultsreasing [NaCl] for all the proteins studied (Figure 3A). This
revealko, values that are between about 20-fold slower to decrease, as indicated by the slopes in this figure, is largest
less than 2-fold faster than the WT I-FABP (Table 1, Figure for WT, K27A, and D74A, about half this value for R106Q
1). Proteins for whiclkon is reduced significantlyX 3-fold) and R126A, and only about 25% of the WT dependence for
primarily involve substitutions at sites that are part of the R56A. This salt effect is probably due to a change in
portal region, on the surface of the protein, or that have beenelectrostatic interaction because any NaCl-mediated decrease
derivatized with acrylodan. in FA solubility should result in an increase in binding
Interactions with Medium-Chain FA and the Role of Phe- affinity. Thus, most of the solvent ionic strength dependence
55. To investigate the possibility that F55 serves as a cap of binding appears to be due to Arg-56, a residue located on
that limits the rate of dissociation from the binding cavity the surface of thgD strand, whose guanidinium group points
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Ficure 3: Dependence of binding affinities akg, values on ionic
strength. For the proteins indicated in the figut€sandkys values
were determined at 37C with increasing NaCl concentrations.
These measurements were done using ADIFAB which was
calibrated for different [NaCl] as described previously (30). The
solid lines are linear fits to the datiy values are plotted in (A)
andkgn values in (B).

toward the portal region2@). Moreover, although the rate
of binding to the WT protein also decreases with [NacCl],
kon for R56A is essentially unchanged with increasing [NaCl]
(Figure 3B). Both proteins, however, exhibit a similar rate
of increase irky with [NaCl] (data not shown), suggesting
that solvent shielding may be less effective for dissociation,
in comparison to binding.

DISCUSSION

In this study we determined the rate constants for FA
binding and dissociation from 31 single amino acid mutants
of I-FABP. Amino acid substitutions were made at locations
within the binding cavity, in the region of the gap between
the D and ES-sheet strands, and within the “portal” region
of the protein. Relative to the WT proteiky values for the
mutant proteins ranged from about 20-fold slower to 4-fold
faster. Values ok, for the mutant proteins were as much
as 10-fold slower than the WT, but in no case was
significantly faster than the WT. Mutants with slower and
fasterkos values were generally those involving changes in
the binding cavity and relative to the WT protein revealed
higher and lower affinities, respectively. Amino acid sub-
stitutions that reduceé#,, values relative to the WT were

Richieri et al.

Ficure 4: Images of I-FABP. These images were generated from
the X-ray crystallographic coordinates (PDB 1IFC) of Scapin et
al. (28). (A) Amino acid locations where Ala substitutions result
in significantly smallek,, relative to the WT protein. (B) Spacings
used in the molecular dynamics simulations to define the portal
and gap regions of the protein.

molecular interactions that form this barrier, and therefore
by tracking values ok.n with side chain changes, it may be

generally, but not exclusively, associated with sites in the possible to map the pathway into the binding site. The
portal region. Measurements as a function of ionic strength acrylodan-derivatized WT and L72A and the following
suggest that an electrostatic interaction between the FA andamino acid replacements, M18A, D34A, F47A, F55A, F55G,
Arg-56 may be important for binding and dissociation. In R56A, F68A, D74A, R126A, R126Q, yield proteins that

what follows we discuss how these results help to describe significantly reducek,, (>2-fold) relative to WT. Of these,

the pathway by which FA enter and leave the binding cavity.
Pathway of FA Entry into the FABP Binding @gy.
Values for k,, are more than 10-fold slower than the
diffusion-limited value and are sensitive to FABP type,
indicating that specific amino acid side chains form the
barrier for FA entry into the binding cavityl4, 22). We
therefore expect changes kg, to reflect changes in the

ADIFAB, ADIFAB2, M18A, F55A, F55G, and D74A
involve direct changes in the portal region (Figure 4A).

For ADIFAB and ADIFAB2, in which acrylodan is
attached to position 27, molecular modeling predicts that
acrylodan should insert into the orifice formed by the portal
region (data not shown). Thus, the reductionkip that
accompanies acrylodan derivatization of these proteins and
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Ficure 5: Results of molecular dynamics simulations of portal and gap regions of the apo I-FABP proteins. Calculations were done as
described under Methods using the 1.2 A structure of the WT protein determined by X-ray crystallography (28). Separations for F55A were

calculated differently than for the other proteins, as explained in Table 4. Time courses were computed f@tatorseparations (see
Table 4) in the portal region (K27D74, K27—-F55. and D74-F55) and the gap region (V60r70).
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the occlusion of the portal’s orifice predicted by molecular portal’s orifice and a spacing roughly at the center of the
modeling are consistent with the portal region being the site fD—fE gap (Figure 4B). Although mutants that reduégd
of FA entry. significantly might have yielded smaller separations by
Apo structures of I-FABP determined by crystallography molecular dynamics simulations, results shown in Figure 5
(28) and NMR (17) indicate that the Met-18, Phe-55, and and Table 4 indicate that neither the portal nor the gap
Asp-74 side chains either insert into or form the portal region. dimensions are correlated significantly wi for these<1
Amino acid substitutions at these positions result in proteins ns simulations. These simulations do, however, reveal much
(M18A, D74A, F55A, and F55G) for whicky, is substan- greater mobility in the portal as compared to the gap region.
tially slower than for the WT (Figure 1). Although these Average fluctuation amplitudes for the portal spacings, as
results are consistent with the portal region as the entrywayreflected for example in the standard deviations (Table 4),
into the binding cavity, it is not clear, from simply viewing are greater than for the gap spacings. In addition, the portal
the apo structures, how the amino acid substitutions at thesespacings occasionally exhibit large§ A) fluctuations above
positions reduc&,,. For example, using molecular modeling the average spacing, while in none of the WT or mutant
to simulate Ala substitutions at these positions, followed by trajectories (total time>8 ns) did we observe such fluctua-
energy minimization, the resulting structure generally yields tions in the gap region that exceeded 2 A. Although longer
a larger portal opening than in the WT, rather than a smaller simulations will likely provide a more accurate assessment
one as would be expected for smallgy values (data not  of the protein dynamics, these relatively short trajectories
shown). Furthermore, inspection of the crystallographic and together with the experimental evidence support the notion
solution structures of the apo protein does not predict specific that the slowek,, values of the mutants, relative to the WT
side chain interactions involving these residues that might protein, are more consistent with FA entry through the portal
be expected to be altered by Ala substitutions in such a wayregion than through th8D—jE gap.
as to reduceky. In contrast to the direct connection to the portal region of
Amino acid substitutions might, however, alter the dy- the above amino acid substitutions, the effects of D34A,
namic characteristics of the portal region in such a way that F47A, F68A, R126A, and R126Q are more difficult to
critical distances between side chains would be reduced, onrationalize in terms of the portal region. For example, the
average, at physiologic temperatures. We investigated thislargest decrease ik,, observed in this study results from
possibility by carrying out molecular dynamics simulations the Ala substitution for Phe at position 68, which is located
for the WT and several mutants over times between 200 psat a site near the centebottom half of thefD—fE gap
and 1 ns. Time courses were assessed for three-adtom (Figure 4A). This raises the possibility that the portal region
separations defining a triangle that roughly outlines the might not represent a unique entryway, if it is assumed that
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Table 4: Average AtomAtom Distances (in A) from Molecular Dynamics Simulatiéns

atomé wild type M18Ad F55A R56A F68A D74Ad R126A
K27-D74 5.0+ 0.6 6.7£2.1 7.8£0.6 7.8£0.9 5.7+ 0.9 6.3+ 0.6 5.9+ 1.2
K27—F55 7.0£0.8 9.1+ 1.2 6.1+ 1.9 8.6+ 1.0 9.2+ 0.7 75+1.1
(10.3+ 0.7f (10.94 0.9)
D74—F55 5.1+ 1.7 7.7£25 11.5+ 1.4 5.3+ 0.7 9.1+ 0.8 6.8+ 2.4
(9.5+ 1.8) (8.4+ 0.6)
V60—-Y70 9.0+ 0.7 8.7+ 0.5 8.0+ 0.5 9.1+ 0.6 9.0+ 0.7 9.9+ 0.6 8.5+ 0.5

2 Average atomratom separations were calculated from the results of Figubém positions used were ®f K27, G; of D74, H; of F55,
Cs of A55, G, of V60, and G of Y70. ¢ For F55A, the ¢ of A55 was used (instead of¢éf F55) for calculating separations, and we therefore also
calculated the K27F55(G) and D74-F55(G;) separations for the WT protein for comparison with F58A&otal simulation and plateau (when
the RMS changes by 0.5 A) times (in ps) were as follows: WT, 1000, 300; M18A, 1000, 100; F55A, 400, 150; R56A, 200, 75; F68A, 1000, 400;
D74A, 200, 50; R126A, 200, 50.

the effect of the mutation is entirely local. However, as that Arg-56 might not be accessible to an interaction with
discussed previously, mutations of I-FABP at locations distal the FA’s carboxylate from the outsid@8). This suggests

to the binding site can have substantial effects on binding that disruption of these hydrogen bonds would affect+A
affinities 27, 29). For example, the D34A and R126A FABP interactions, yet Y70A, E51A, and S71A have little
substitutions significantly alter binding thermodynamics, effect on binding affinities and rates (Figure 1 and Table 1).
although neither of these positions is closer than 6.5 A from Moreover, in contrast to the crystal structure result, the NMR
the FA. We speculated that these substitutions disrupt thestructures show the guanidinium group of Arg-56 pointing
salt bridge/hydrogen bond network between D34 and R126, outward from the surface, forming no salt bridges/hydrogen
identified in the crystal structur@®), and this in turn alters ~ bonds with neighboring side chaink7j, and therefore in a
the structure of the binding cavity. Another feature of the conformation amenable to an interaction of the FA carboxy-
results is also consistent with nonlocal effects of amino acid late and Arg-56 at the surface. We suggest that the FA may
substitutions for many of the mutant proteins. If the effect bind, through the electrostatic interaction of the FA car-
of a mutation were limited to changing the rate-limiting step boxylate and the guanidinium amides, to Arg-56 before
for binding, thenk,, andk. should change symmetrically, entering the portal region. The relatively long-ranged elec-
but, as indicated in Figure 1, this is generally not the case. trostatic interaction may effectively increase the FA con-
For exampleko, values for M18A and F68A are more than centration near the portal region, and/or the FA-Arg-56
7-fold slower than WT althougky values actually increase  interaction may induce a change in orientation that moves
slightly, and therefore for both proteins the binding affinity the FA closer to the portal. Given the FAnolecular species

is significantly smaller than WT. These results imply that dependence dk,, observed for the WT proteing 4, 22),
many of the mutations simultaneously alter the activation this initial step may also involve the interaction of the FA’s
barrier and the interactions between the FA and protein hydrocarbon chain with other portions of the protein.

within the binding cavity. Pathway for FA DissociationFA dissociation from the
Based upon these results, significant structural alterationshinding cavity may occur through a reversal of the entry
might be expected at sites distal to the amino acid substitu-pathway or through an alternative pathwag). (Several
tions. However, energy-minimized structures designed to studies indicate that the portal region may be involved in
simulate the D34A, FA7A, F68A, and R126A mutations do the dissociation process and raise the possibility that selective
not reveal significant structural changes in the portal or the mutations in the portal region might affect the rate of FA
BD—PE gap regions (data not shown), nor do these mutationsdissociation {8, 20, 21). Consistent with this expectation,
significantly alter the protein dynamics of either the portal certain mutants in the present study (123A, D34A, F55G,
or thefD—pE gap (Figure 5, Table 4). In particular, neither R56A, D74A, R126Q) increasky significantly (>3-fold)
energy-minimized structures nor protein dynamics reveal any relative to WT. The effects of these mutants are probably
significant F68A-mediated change of ti®—pE gap, and  not entirely local, because, as discussed above, the changes
substitutions of residues that flank Phe-68 have virtually no in k. and ko, are asymmetric. Nevertheless, these results
effect onko. We assume that mutations that reduge are consistent with a rate-limiting role for the portal region
significantly probably mediate these changes by altering the in dissociation because these mutations involve the portal
dynamics of the portal region. These alterations may only region directly or, as discussed above and previouaH, (
be apparent, however, in longer time trajectories. severing the Asp-34Arg-126 salt bridge seems to have
Although Arg-56, at the C-terminal end of the CD loop, widespread effects on the protein’s structure. In no event do
may be part of the portal region, we consider it separately substitutions at sites involved in direct contact with the FA
because this residue seems to embody most of the solventwithin the cavity result in increasel,« values. On the
accessible electrostatic interaction, suggesting that the rolecontrary, mutations of amino acids involved in the bound
of Arg-56 in FA binding may be distinct from other members state either have no effect or reduce ke (L72A, L102A,
of the portal region. Thus, Arg-56 may serve as the initial R106A, Y117A), consistent with the exit site being rate-
site of FA binding on the protein’s surface, before the FA limiting for dissociation and separate from the binding cavity.
passes through the portal orifice. However, the crystal Molecular dynamics calculations of the holo protein did not
structure itself, which shows the guanidinium group of Arg- yield significant increases in the portal or gap regions for
56 pointing inward to the cavity and within hydrogen- those mutants which resulted in increaskg values,
bonding distances of Tyr-70, Glu-51, and Ser-71, implies although, similar to the apo protein, fluctuations in the portal
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region were significantly greater than in the gap region REFERENCES
1. Bass, N. M. (1988)nt. Rev. Cytol. 111 143-184.

(results not shown). We speculate that this may reflect in
part the difficulty of simulating the smaller changes in
structure that are presumably associated with the smaller
fractional changes ik, as compared to the larger changes
observed fokon.

Results for K27F and R56A provide more specific insights

at position 27 might stack with Phe-55, at least for part of
the trajectory. We speculated that this would cause a patrtial
blockage of the portal’s orifice and might reduce béth
and ks, if the effect of the mutation was localized to this
site. As Figure 1 indicates, botky,, and ko are reduced
relative to the WT, making K27F one of the few mutants
for which k., andk are altered similarly, and is consistent
with the portal region serving as both the entry and exit
pathway. If exiting the binding cavity represents the time-
reversed pathway for entry, the FA’s carboxylate might bind
to Arg-56 after leaving the portal’s orifice, thereby slowing
the rate of dissociation. Consistent with this notion, the R56A
mutant reveals for oleate a more than 3-fold fa&tgrthan
WT. Thus, involvement of Arg-56 in both the binding and

dissociation steps suggests that the same, albeit time-reversed14.

pathways are used for FA entry into the exiting from the
binding cavity.
Summary In this study we have used the changes in

binding and dissociation rate constants induced by single 16.

amino acid substitutions to help map the pathway for FA

binding to and dissociation from I-FABP. The results suggest 17-

that upon desolvation from the bulk solvent, the FA forms
a complex between its carboxylate and the guanidinium
group of Arg-56. The FA then moves from this complex to
the orifice of the portal region where it enters the binding
cavity and adjusts its conformation to form the bound state
observed by X-ray crystallography and NMR. We assume
that binding to Arg-56 occurs before rather than after passage

through the portal because increasing the ionic strength of 22.

the bulk solvent seems to shield Arg-56 but not residues
within the cavity of portal region. Dissociation from the

protein is consistent with a time-reversed trajectory of the 5,

binding process. Leaving the cavity involves severing

interactions between the FA and amino acid side chains and 25.

water molecules in the bound configuration, followed, most
likely, by the threading of the hydrocarbon chain back
through the portal orifice. Although the efect of Arg-56 on
dissociation is relatively modest, the increasekipn upon
Ala substitution is consistent with complex formation before
FA dissociation from the protein. Arg or Lys at position 56
or an equivalent position is conserved in the FABP family,
suggesting a similar role for the FAArg-56 interaction in

all FABPs.
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