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BIOCHEMICAL AND NMR STUDIES OF

HUMAN CELLULAR RETINOIC ACID BINDING PROTEINS

By

Lincong Wang

ABSTRACT

The structure-fimction relationships of cellular retinoic acid binding proteins

(CRABPS) have been investigated by site-directed mutagenesis, biochemical and NMR

methods. The major results and conclusions are summarized as follows.

Electrostatic interactions have been suggested to be critical for binding of retinoic

acid (RA) by CRABPs. However, the roles of two conserved arginine residues (Argl ll

and Arg13l in type-I CRABP; Argl 11 and Argl32 in type-II CRABP) that interact with

the carboxyl group of RA have not been evaluated. A novel competitive binding assay

was developed for measuring the relative dissociation constants of the site-directed

mutants including the two mutants R1 11M and R132M. Binding studies of the two

mutants showed that Argl 11 and Argl32 contribute to the binding energy by ~2.2 and

1.2 kcal/mol, respectively.

The crystal structure of holo-CRABP suggests that RA cannot enter or exit the

deep binding pocket without major conformational changes in the protein. Dimerization

has been proposed to be the mechanism by which CRABPs open their binding pockets.

The solution structure of apo-CRABPII has been determined by NMR spectroscopy.

Although the apo solution structure was similar to the holo crystal structure, the ligand

entrance was greatly enlarged in the former and readily accessible to RA. The



enlargement was mainly due to a concerted conformational change in three structural

elements, namely the second helix, the BC-BD loop and the BE-BF loop. The ligand-

binding pocket of apo-CRABPII was rather dynamic. CRABPII is predominately

monomeric in solution. Although the formation of transient dimers could not be ruled

out, dimerization apparently is not a prerequisite for entry of retinoic acid into the binding

pocket of CRABPII.

Preliminary NMR analysis of holo-CRABPII showed that RA binds to CRABPII

in solution in the same manner as determined by crystallography. NMR studies indicated

that the ligand entrance of holo-CRABPII is much less flexible than that of apo-

CRABPII. The results taken together suggested that RA binding indeed induces major

changes in the conformation and dynamics of CRABPII.

The solution structure of R11 1M has been determined by NMR spectroscopy.

Although apo-R1 1 lM had a structure similar to that of wild-type apo-CRABPII, there

were significant conformational differences between the two proteins, mainly localized to

three segments, clustered around the ligand entrance more than 17 A from the site of

point mutation. Furthermore, the ligand-binding pocket of apo-R1 1 1M, especially the

ligand entrance, was much less flexible than that of apo-CRABPII. The results suggested

that Argl 11 play a critical role in determining the structure and dynamics of CRABPII.
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CHAPTER 1

Literature Review

Part 1. Cellular Retinoic Acid Binding Proteins

Section 1. Biological Functions of CRABPII

Vitamin A (retinol) and its metabolic derivatives (naturally occurring retinoids)

such as retinal and retinoic acid (RA) (Figure 1.1) are essential for vertebrates, with

profound effects on a wide variety of biological processes such as vision, cell

differentiation, embryonic development and homeostasis (Spom et al., 1994; Chambon et

al., 1996). Both the naturally occurring retinoids and their synthetic analogs have been

used to treat several kinds of human diseases including skin disorders (Peck &

DiGiovanna, 1994), and certain cancers, such as cervical cancer and acute promyelocytic

leukemia (Hong & Itri, 1994). A unified picture of the apparent pleiotropic effects of

retinoids is gradually emerging, and some key components of the retinoid signal

transduction pathway have been discovered over the past five decades. It has been shown

that retinal is a key component of visual signal transduction (Wald, 1968), while RAs,



Figure 1.1 Chemical structures and the numbering conventions of all-trans-retinol

(vitamin A), all-trans-retinal and all-trans-retinoic acid (RA).



 
All-trans-retinoic acid (RA)



especially all-trans-RA and 9-cis-RA, are the active forms of vitamin A in most of the

other biological processes. RA administration can prevent or reverse the majority of the

defects originating from post-natal vitamin A deficiency. Two distinct classes of RA-

binding proteins have been found to be involved in retinoid signal transduction: nuclear

retinoid receptors and cellular RA binding proteins (CRABPs).

Nuclear retinoid receptors. There exist in cells two retinoid receptor families: the

RA receptor (RAR) family with three subtypes RAR-0t, ~13 and -y, and the retinoid X

receptor (RXR) family also with three subtypes RXR-or, -B and -y (Mangelsdorf et al.,

1994; Mangelsdorf& Evans, 1995; Chambon, 1996). The nuclear retinoid receptors play

critical roles in retinoid signal transduction. They have been shown to mediate many of

the biological effects observed with administration of vitamin A. For example, all

abnormalities exhibited by fetuses of vitamin A deficient dams are recapitulated in RAR

or RXR single mutants and RAR-RXR double mutants ofmouse (Chambon, 1996).

Amino acid sequence comparison suggests that retinoid receptors belong to a

protein superfarnily of ligand-activated transcriptional factors (Evans, 1988; Tsai &

O’Malley, 1994) that includes also the receptors for steroid and thyroid hormones and

vitamin D3. The RAR proteins are activated by both all-trans-RA (K, = ~1-5 nM) and 9-

cis-RA with similar effectiveness, whereas the RXR proteins bind exclusively 9-cis-RA

(K, = ~10 nM) (Heyman et al., 1992; Levin et al., 1992). In vitro studies have

demonstrated that the functional units of the retinoid receptors are either the RAR-RXR

heterodimers consisting of one RXR subunit and one RAR subunit, or the homodimers of

two RXR subunits. These two forms of dimer appear to have different functions. The

heterodimers bind the DNA response elements with direct repeats of the hexamer (purine-



G(G/T)TCA) separated by one, two, or five base pairs, while the RXR homodimers prefer

the DNA sequence with direct repeats of the hexamer separated by only one base pair.

For the same response element the heterodimers have higher affinity than the

homodimers. Interestingly, RXR proteins also form heterodimers with other nuclear

receptors such as thyroid hormone and vitamin D3 receptors, and are required for the

biological functions of these receptors (see, for example, Yu et al., 1991). The diversity

of the biological effects of retinoids can be partly explained by the existence of two

families of receptors and the interactions between the two families of receptors

themselves and with other receptors. It appears that the availability of RA in cells is

regulated by other molecules such as the two isoforrns of CRABP.

Biological significance ofCRABPs. There are two types of cellular retinoic acid

binding protein (CRABPI and CRABPII) (Sani & Hill, 1974; Ong & Chytil, 1975; Bailey

& Siu, 1988; Kitamoto et al., 1988). They have been found in all vertebrates relying on

vitamin A (Ong et al., 1994), and are highly conserved proteins. For example, rat, mouse

and cow CRABPI (Nilsson et al., 1988; Stoner & Gudas, 1989; Shubeita et al., 1987) all

have identical 136 residues, and human CRABPI has only one residue difference (Astrom

et al., 1991). Of 137 residues of mouse CRABPII (Giguere et al., 1990) and human

CRABPII (Astrom et al., 1991; Eller et al., 1992) 130 are identical.

Although CRABPs have been suggested to play important roles in mediating the

biological functions of RA, their physiological functions have not been well defined.

They may be involved in directing the spatial organization of cells during development,

especially at the time of the limb generation (Maden, 1991; Hofinannn & Eichele, 1994;

Morriss-Kay & Sokolova, 1996). Experimental studies have shown that both CRABPI



and CRABPII are widely expressed at all stages of mouse embryo development. In

particular, the mRNAs of CRABPs form an anteroposterior gradient opposite to the

gradient of all-trans-RA in the budding of a chick limb (Maden et al., 1988). It has also

been proposed that CRABPs may protect cells by preventing RA from being incorporated

into cell membranes. The solubility of RA in aqueous solution is about 200 nM (Szuts &

Harosi, 1991), which is higher than its endogenous concentration (~50 nM). However,

RA molecules prefer the membrane to the cytoplasm with ~6 x105 fold higher affinity.

Indeed, in tissues that express CRABPs, RA is predominately in the protein-bound forms.

Both CRABPI and CRABPII have very high affinity for all-trans-RA with an apparent

dissociation constant (K) less than 2 nM (Norris et al., 1994; Wang et al., 1997).

CRABPs, CRABPI in particular, may participate in the catabolism of all-trans-RA

(Fiorella & Napoli, 1991, 1994; Boylan & Gudas, 1992). The rate of the breakdown of

RA into inactive metabolites catalyzed by cytochrome P450 increases more than twenty-

fold when it binds CRABPI. CRABPs may also be directly involved in the transport of

RA to the nucleus (Takase et al., 1986; Blomhoff et al., 1992). Taken together, these in

vitro studies lead to the proposal that CRABPs may act as ‘buffer’ to control the actual

level of ‘free’ intracellular RA available for binding to the nuclear retinoid receptors.

However, the physiological functions of CRABPs remain controversial. Genetic

experiments have demonstrated that the mutant mice lacking CRABPI and/or CRABPII

are essentially indistinguishable from the wild-type (de Bruijn et al., 1994; Gorry et al.,

1994; Fawcett et al., 1995; Lampron et al., 1995) with the exception of a minor limb

malformation. These results suggest that their actual function may be to control



physiological levels of intracellular RA when the supply of vitamin A from diet is

insufficient.

The biological functions of CRABPI and II seem to be different. The homology

within either CRABPI or CRABPII sequences across different species is much higher

than the homology between CRABPI and CRABPII from the same species. For example,

human CRABPI and CRABPII have only 74% identity. Moreover, CRABPI and

CRABPII exhibit different expression patterns during development or in adults. In mouse

embryo they are expressed in distinct, non-overlapping patterns. In adults CRABPI is

expressed in a variety of tissues, while CRABPII is mainly restricted to the epidermis

(Astrom et al., 1991; Elder et al., 1992). The CRABPII gene, not CRABPI, has a retinoid

response element in its promoter region so that CRABPII can be induced markedly in

cultured cells and human skin by 9-cis-RA and, to a lesser extent, by all-trans-RA

(Giguere etal., 1990; Astrom et al., 1991; Durand et al., 1992; Melhus et al., 1994). It has

been shown that production of RA is correlated with the expression of CRABPII but not

CRABPI (Bucco et al., 1997). Overexpression of CRABPII enhances cellular response to

RA in breast cancer cells (Jing et a., 1997) but overexpression of CRABPI decreases the

biological potency of RA in F9 teratocarcinoma cells (Boylan & Gudas, 1991). However,

no difference in binding specificity has been reported between CRABPI and CRABPII,

and their affinities for retinoids are very similar.

Section 2. Biochemical Characterizations of CRABPs



Extensive biochemical studies have been performed on CRABPs. These studies

have been expedited by cloning and overexpression of the genes encoding CRABPs in E.

coli (Giguere et al., 1990; Astrom et al., 1991). The in vitro biochemical functions of

CRABPs have been established by ligand binding assays, and the residues critical for

such functions have been investigated by site-directed mutagenesis.

Binding assay. The ligand-binding properties of CRABPs have been studied by

several methods, which could be classified into two categories: non-equilibrium methods

and fluorescence titration methods. The non-equilibrium methods remove the unbound

ligand either by the use of dextran-coated charcoal (Daly & Redfem, 1988; Fogh et al.,

1993) or by chromatography (Siegenthaler et al., 1992). A potential problem with such

methods is that the bound ligand can come off the protein during the separation process.

The de measured by these methods depend on the off-rate of the ligand, and may be an

overestimation of its true value. The fluorescence methods (Cogan et al., 1976) measure

the concentration of either the bound ligand or the bound protein at equilibrium.

However, reported fluorescence measurements have been plagued by poor experimental

designs and data analysis. The problems have been recognized recently (Norris et al.,

1994; Wang et al., 1997). Furthermore, because of the low solubility of RA in aqueous

solution, the fluorescence methods are unsuitable for measuring the dissociation constants

of site-directed mutants with greatly reduced affinity for RA. The reported Kd of CRABPI

for all-trans-RA ranges from 0.4 nM to 10 nM (Ong & Chytil, 1978; Fiorella & Napoli,

1991; Norris, et al., 1994; Fogh et al., 1993), and the K, of CRABPII from 1.8 nM to 65

nM (Bailey & Siu, 1988; Fiorella & Napoli, 1993; Fogh et al., 1993; Norris et al., 1994;

Wang et al., 1997). These discrepancies may be caused by the different methods used, the



assay conditions and the sources of the proteins. The reported relative Kd of CRABPI vs.

CRABPII ranges from three-fold (Fiorella, et al., 1993; Wang et al., 1997), as measured

by competitive binding assay, to more than ten-fold based on their individual absolute

values. The value measured by competitive binding assay appears to be more reliable.

The stoichiometry of either CRABPI or II for all-trans-RA has been found to be one-to-

one.

Binding specificity. No significant differences in binding specificity for retinoids

have been reported between CRABPI and CRABPII. Both proteins show no apparent

affinities for all-trans-retinol, all-trans-retinal and esters of RA, and have relatively low

affinities for the cis-isomers of RA. For example, their affinities for 9-cis-RA range from

~50 nM (Fiorella etal., 1993) to ~200 nM (Norris et al., 1994), and their affinities for 13-

cis-RA are at least 3-4 fold lower than that for 9-cis-RA (Fiorella et al., 1993) or too low

to be measured (Redfem & Wilson, 1993; Fogh et al., 1993; Norris et al., 1994).

However, CRABPs have high affinity for retinoids with a modified B-ionone ring such as

3,4-didehydroretinoic acid (Torma et al., 1991), 4-hydroxyretinoic acid, 4-oxo-retinoic

acid, lS-hydroxyretinoic acid, 16-hydroxy-4-oxo-retinoic acid (Fiorella et al., 1993) and

acitretin (Norris et al., 1994) (an aromatic retinoid used in the treatment of psoriasis).

Both proteins also have high affinity for retinoids with modifications at C-7 and C-8

positions of the isoprene chain (Kleywegt et al., 1994). Although 3,4-didehydroretinoic

acid exists in cells and binds CRABPs as tightly as all-trans-RA does, the latter has been

shown to be the endogenous ligand for CRABPI and possibly CRABPII (Ross et al.,

1980; Sarri et al., 1982). Taken together, these experimental data indicate that the
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carboxylic group of RA is critical for binding to CRABPs. Modifications at the B-ionone

ring and, C-7 and C-8 can be tolerated.

Site-directed mutagenesis studies. The interactions between CRABPs and

retinoids have been investigated by site-directed mutagenesis. The single mutants R1 1 IO

and R131Q, double mutant R111QfR13lQ and triple mutant RlllQ/Rl31Q/Yl33F of

bovine/murine CRABPI all have much lower affinity for all-trans-RA than the wild-type

(Zhang et al., 1992). The two arginines and one tyrosine are conserved residues in

CRABPs and interact with the carboxyl group of RA in the crystal structures of hole

CRABPs (Figure 1.2A, B) (Kleywegt et al., 1994). Although no quantitative K, has been

reported for these mutants, a CD signal induced by the binding ofRA has been observed

in the R131Q mutant as in the wild type. No such signal has been detected in the mutant

R1 1 1O even with a five-fold excess of all-trans-RA. It appears that in CRABPI Argl 11

is more critical for binding of RA than Arg131. By contrast, it has been reported that the

R1 11A mutant of mouse CRABPII has a slightly lower affinity for all-trans-RA than the

wild type, while either R132A or R132Q mutant has much lower affinity (Chen et al.,

1995), suggesting that only Arg132 is important for binding of RA by CRABPII.

However, no quantitative Kd has been reported for either R132A or R132Q mutant.

Interestingly, there is no change in the retinoid specificity of CRABPI or

CRABPII because of the mutations. In particular, the mutants show no increase in affinity

for all-trans-retinol and all-trans-retinal compared to their wild-types. In other words,

neither CRABPI nor CRABPII could be converted into a retinol-binding protein by the

single, double or triple mutations. Similarly, type-II cellular retinol binding protein

(CRBPII), a close relative of CRABPs, could not be converted into a RA-binding protein
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Figure 1.2 (A) The ligand binding pocket of human CRABPII showing the residues

(white) interacting with all-trans-RA (green). The two hydrogen atoms (yellow) of a

water molecule, the nitrogen atoms (blue) of the side chains, and the oxygen atoms (red)

of the side chains and the RA molecule and the water are colored. (B) expanded View of

the interactions between the carboxyl group ofRA and the side chains of Argl 1 1, Arg132

and Tyrl 34 of the protein. Dotted line indicates the possible hydrogen bond interaction.
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by site-directed mutagenesis. The two single mutants Q109R and Q129R (Gln109 and

Gln129 of CRBPII are structurally equivalent to Arglll and Arg132 of CRABPII,

respectively) display reduced affinity for all-trans-retinol but no apparent affinity for all-

trans-RA (Cheng et al., 1991). Surprisingly, the mutant protein Q108R of rat CRBPI

(G1n108 in rat CRBPI is structurally equivalent to Arglll of human CRABPII) has

similar affinity for all-trans-retinol, all-trans-RA and l3-cis-RA. The mutation reduces

the affinity for all-trans-retinol by only three-fold compared to the wild-type (Stump et

al., 1991).

Section 3. Structural and Dynamical Characterizations of CRABPs

The atomic details of the interactions between CRABPs and retinoids, and their

internal motions have been analyzed by physical methods, primarily the x-ray diffraction

of single crystals and solution NMR spectroscopy. The structural and dynamical

information provides a framework for understanding the nature of the interactions and the

ligand binding process, and for identifying the factors contributing to the binding affinity

and specificity.

The structural features of CRABPs. The crystal structures of apo-CRABPI

(Thompson et al., 1995), holo-CRABPI and holo-CRABPII (both in complex with all-

trans-RA) (Kleywegt et al., 1994) have been determined at 2.7 A, 2.9 A and 1.8 A

resolutions, respectively. These studies have demonstrated that the apo- and holo-
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CRABPs have very similar secondary and tertiary structures. Moreover, they all have

structural features typical of a protein family called intracellular lipid binding proteins

(iLBPs) (Banaszak et al., 1994). These proteins all bind hydrophobic ligands such as fatty

acid, lipids and retinoids. In addition to CRABPs, the crystal structures of more than

twenty-five proteins of the iLBP family have been determined at various resolutions with

or without bound ligands. The structures reported include rat CRBPI (Cowan et al., 1993)

and CRBPII (Winter et al., 1993), several fatty acid binding proteins (FABPs) including

those from chicken liver (Scapin et al., 1990), bovine heart (Muller-Fahmow et al., 1991),

human muscle (Zanotti et al., 1992; Young et al., 1994) and rat intestine (Sacchettini et

al., 1989a,b; Sacchettini et al., 1992; Eads et al., 1993), bovine myelin, (Jones et al.,

1988; Cowan et al., 1993) and adipocyte lipid binding protein (ALBP) (Xu et al., 1992;

1993). Although the sequence identities among the proteins are rather low (~20%), they

all have similar tertiary structures. All the proteins adopt a compact, single domain

structure consisting of a helix-tum-helix motif and two antiparallel B-sheets (Figure 1.3).

Both sheets are composed of five B-strands, the first BA, BB, BC, BD and BE, and the

second BF, BG, BH, BI and BJ. They are twisted into a nearly orthogonal flattened barrel

with a simple up-down topology. The regular hydrogen bond ladders between adjacent B-

strands are broken between BD and BE. One B-bulge occurs in the middle of the first

strand, resulting in a change of its direction so that it forms parts of the two sheets. BF is

also shared by the two sheets. A binding cavity is formed between the two B-sheets by the

side chains from eight of the ten B-strands. The surface of the cavity could be divided

into two regions: a hydrophobic region and a more centrally located polar region (Figure

1.2A). The former is formed by the side chains from the helix-tum-helix, the BC-BD loop
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Figure 1.3. The backbone fold and the secondary structural elements of human CRABPII

in complex with all-trans-RA (green) showing the structural motif of iLBP family: ten

antiparallel B—strands (yellow) and two a. helices (violet) fortning a flattened barrel. The

loops or turns are colored in cyan.
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and the BE-BF loop. The latter is formed by the side chains of the residues deep inside the

binding pocket such as Argl l l, Arg132 and Tyrl34 (CRABPII numbering). Generally,

only a small opening to the external solvent is observed in the crystal structures, which is

supposed to be the ligand entrance. The rear portion of the pocket, opposite to the

opening, is completely blocked and inaccessible to solvent. The ligand is either totally

buried inside the protein as observed in the majority of the crystal structures or its

hydrophobic tail extends to the surface through the ligand entrance as in the crystal

structures of CRABPs and ALBP (Xu et al., 1992). The polar group of the ligand is

bound in the innermost part of the pocket. Interestingly, in most structures, the volume of

the binding pocket is much larger than what is required by the ligand. The extra volume

may provide room for the fluctuation of ligand in the bound state.

The structural basisfor affinity and specificity of CRABPs. The high-resolution

structures of the holo-CRABPs provide a basis for the interpretation of their binding

affinity and specificity in terms of the relative positions of atoms. The binding specificity

and affinity of iLBPs can be partially explained by variation in the positions and the

nature of amino acid residues, and by the tightly bound solvent molecules in the binding

pocket. Particularly, the interaction between the polar end of the ligand and the protein,

(Banazak et al., 1994), seems to be most critical. In the crystal structure of holo-

CRABPII, one of the carboxylate oxygens of RA forms hydrogen bonds with the

hydroxyl of Tyrl34 and the guanidinium group of Arg132. The other interacts with the

guanidinium group of Arglll mediated by a water molecule (Figure 1.2B). Similar

interactions between the carboxyl group and the two arginine and one tyrosine resiudes

have been observed in other iLBPs. The importance of such interactions for binding of
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the ligands has been verified by site-directed mutagenesis studies. As described earlier,

mutation of these residues to other amino acids reduces greatly the binding affinities of

iLBPs.

In the structures of holo-CRABPs extensive hydrophobic interactions have been

observed between the isoprene chain of RA and CRABPs (Figure 1.2A). Furthermore, a

network of water molecules in the binding pocket is often detected in the high-resolution

crystal structures. For example, fourteen water molecules have been identified in the

crystal structure of holo-CRABPII (Kleywegt et al., 1994). Eight water molecules have

been identified in the crystal structure of holo-CRBPI (Cowan et al., 1993) and holo-

CRBPII (Winter et al., 1993). They have been suggested to be an integral part of the

binding pockets (LaLonde et al., 1994) and to be related to the binding affinity and

specificity of these proteins.

Some clues on the binding specificity of CRABPs can be drawn from the

comparison of the amino acid sequences and the structures of iLBPs. For example, the

two arginines and one tyrosine of CRABPs and FABPs interacting with the carboxyl

groups of their ligands are replaced, respectively, by two glutamines and one

phenylalanine in CRBPs. And, the arginine-carboxyl interactions in CRABPs and FABPs

are substituted by the interactions between the two glutamines and the hydroxyl group of

retinol. Indeed, replacement of Gln108 of rat CRBPI with arginine has changed the

specificity of the protein so that it binds all-trans-RA and 13-cis-RA in addition to all-

trans-retinol (Stump et al., 1991).

Mechanisms ofligand entry or exit. Previous structural studies, mainly by means

of x-ray diffraction, have shown that most of the proteins of the iLBP family undergo
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only small changes upon ligand binding, and there exists no entrance large enough for the

entry or exit of the ligand. In the holo crystal structures of CRBPI, CRBPII, intestinal

FABP and ALBP, the ligands are completely buried. The ligand entrances of the

unliganded forms are almost identical to those of the holo-forms. The crystal structures of

CRABPs show that RA is not completely buried (Kleywegt et al., 1994). The edge of the

B-ionone ring of bound RA is exposed to solvent. It appears, however, that significant

conformational changes are required for release of the ligand. The ligand entrance of apo-

CRABPI is slightly more open than that of holo-CRABPI, and appears to be large enough

to admit RA (Thompson et al., 1995). Surprisingly, apo-CRABPI is dirneric in the

crystalline state, held together by an intermolecular B-sheet. The slight opening of the

ligand entrance has been suggested to be caused by formation of the intermolecular B-

sheet.

Biochemical studies, by contrast, have suggested that ligand binding induces

ccnforrnational and dynamical changes in iLBPs. It has been shown that a microsomal

retinol esterifying enzyme, lecithin-retinol acyltransferase, can discriminate between the

apo- and the holo-CRBPs (Herr & Ong, 1992). It has also been demonstrated that ligand

binding reduces the protease susceptibility of the ligand entrances of CRBPI, CRBPII,

CRABPI and heart FABP (Jamison et al., 1994). The results suggest that the apo proteins

have more open binding pockets or their entrances are more flexible in solution. These

biochemical results are consistent with the physiological functions of these proteins,

which require that there exist an entrance large enough for ligand admittance, at least

temporarily. Furthermore, if holo-CRABPS and holo—CRBPs are the substrates for

metabolic enzymes (Herr & Ong, 1992; Fiorella & Napoli, 1991, 1994; Boylan & Gudas,
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1992), there should exist structural features that can be used by the enzyme to distinguish

the apo-forms from the hole-forms. Indeed, lecithin-retinol acyltransferase can

distinguish the apo and holo forms ofCRBPs (Herr & Ong, 1992).

NMR studies of the iLBPfamily. NMR spectroscopy has the advantage over x-

ray diffraction in providing dynamical information. Such information is critical for

understanding the ligand binding process. 1H and 15N resonance assignments have been

reported for both apo-CRABPI (pH 7.5) and holo-CRABPI (pH 3.8) (Rizo et al., 1994).

Secondary structures derived from NOE and chemical shift indices indicate that both the

apo- and the holo-CRABPI share the backbone fold of the iLBP family: ten B—strands and

a helix-tum-helix. However, significant differences in internal motions between the apo-

and holo-forms have been observed in the ligand entrance region. The ligand entrance of

apo-CRABPI is rather flexible in solution, and the flexibility is reduced greatly after the

binding of RA. Remarkable motional differences in the ligand entrance region have been

reported between rat apo and holo intestinal FABP at pH 7.2 (Hodsdon et al., 1995;

Hodsdon et al., 1996; Hodsdon & Cistola, 1997a, b). Furthermore, it has been proposed

that the decrease in the mobility of the ligand entrance in the holo form is brought about

by a series of long-range cooperative interactions that cap and stabilize the C-terminal

half of the second helix. In contrast to what was observed in the crystal structure, the

ligand entrance of bovine heart FABP is more mobile than the other parts of the

molecule, even in the holo form (Lucke et al., 1992; Lassen et al., 1995). Proton

resonance heterogeneity has been observed for Ser22-Thr36 in the helix-tum-helix,

Thr53-Thr60 in the BC—BD loop and His] 19-Ala122, indicating that these residues have

two or more slowly exchanging conformations in solution.
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NMR studies ofthe bound RA. The conformation of CRABP-bound RA has been

studied by NMR (Norris et al., 1995). The NMR results indicate that the bound RA in

CRABPII adopts a conformation with the 6-3 dihedral angle being -60° skewed from a cis

conformation, in contrast to the -33° observed in the crystal structure of holo-CRABPII

(Kleywegt et al., 1994). However, RA in holo-CRABPI appears to be quite flexible about

the 6-8 bond. The 8-3 and lO-s dihedral angles are 180° i 30° in both holo-CRABPI and

holo-CRABPII in solution as well as in the crystalline state.
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Part 2. Physical Basis of Protein NMR

Section 1. Theory of Fourier Transform Pulse NMR

Nuclear magnetic resonance (NMR) spectroscopy, the detection of the Zeeman A

levels of nuclear spins in bulk condensed phase by resonant method through

electromagnetic means, was pioneered by two research groups headed by Felix Bloch

(Bloch et al., 1946a) and Edward M. Purcell (Purcell et al., 1946), respectively. It has

since become an important experimental tool for physicists, chemists and more recently

for structural biologists as well as radiologists (medical diagnosis). Its wide applications

are made possible by continuous improvement in experimental techniques and advances

in theory. The former is stimulated by technological breakthroughs in other fields such as

electronics, computer science (e.g. fast Fourier transformation algorithm and the

sophisticated controls of experimental parameters), and the manufacturing of stable high

field superconducting magnets. The latter takes advantage of the weakness of the

interactions involving nuclear spins. The weakness makes it relatively easy to manipulate

the interaction Hamiltonian through experimental methods such as radio frequency

pulses, and justifies the treatment of the evolution of the states of a spin system by

perturbation methods. The simplicity of the derived mathematical expressions facilitates
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study biological macromolecules. In this review I will summarize the underlying physical

principles of NMR, and will show how they can be applied to practical problems

especially those in structural biology.

Basic equations. Nuclear spin, a quantum mechanical phenomenon without

classical analogs, can only be treated by quantum mechanics. However, for an isolated

system consisting of non-interacting spins, the equation for the expectation value of the

total magnetization <M> is the same as that for the classical magnetization under the

influences of a static field HO and a rotating external radio-frequency field Hl (r. f. field)

(Rabi et al., 1954).

d<M>/dt=y<M> me (l)

where Heff is the total magnetic field in a frame rotating with the frequency of the r. f.

field, y is the gyromagnetic ratio. Therefore, it is legitimate to treat such a system

classically. In reality the spin system is not isolated but interacts with the molecular

environment (bath) including all degrees of freedom other than the spins. The interaction

causes a decay of the observed magnetization. With the assumptions that the decay is

exponential, and the interactions with the external fields and with the bath are additive,

Bloch derived a phenomenological equation for a non-interacting spin system (Bloch,

1946b).

dM/dt = y M x H — MVT, — k (M,— M,)/ T, (2)
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where H is the sum of a static field H0 = kl!O and a r. f. field H], k is the unit vector on

the z-axis, M0 = XoHo is the equilibrium magnetization with x0 being the static

susceptibility, M is the total magnetization, M is the transverse magnetization. T, and T2

are, respectively, the longitudinal and transverse relaxation times representing the

interactions between the spin system and the bath. The nuclear spins in a real spin system

interact with each other. The descriptions of such a spin system must resort to quantum

mechanism. For convenience, the Hamiltonian H of the conserved whole system is

divided into three parts: the Hamiltonian H,(s, t) of the spin system including the

interactions with the external static and r. f. fields, the Hamiltonian F(f) of the bath and

the interaction Hamiltonian GO? 3, t) between them. The state of a spin system can be

represented by a reduced density operator o(t) (von-Neumann, 1927, 1955; Fano, 1957),

which could be defined as an incoherent superposition of pure states. The dynamical

evolution of o(t) under the influence of the spin Hamiltonian H,(t) follows the Liouville-

von Neumann equation.

50/5t = -i [H.(t), 60)] (3)

o(t) is simply related to the density operator p(t) of the whole system: o(t) = tr,{p(t)},

here tr, means the partial trace over the variables of the bath. The expectation value

<Q(t)> of any spin operator Q(t) can be calculated according to <Q(t)> = tr,{Q(t)o}, here

tr, means the partial trace over the variables of the spin system. The separation of the

whole system into two subsystems (the spin system and bath) is very helpful in the
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development ofNMR theory because of the weakness of the interaction between the spin

system and the bath. For example, in the operator product formalism discussed later, an

exponential term multiplied into a spin operator can be used to represent the effect of

relaxation on the spin system caused by the bath. In relaxation theory, irreversible

processes are assumed to occur exclusively in the spin system though only reversible

processes could happen in the conserved whole system.

Pulse NMR. For most pulse NMR experiments, the exact analytic solutions of the

Liouville-von Neumann equation (3) are very difficult to find because of the complexities

of the interactions among the spin system itself, and between the spin system and its

environment. To make the problem tractable and provide useful qualitative insights into

NMR experiments, various approximations have been proposed to simplify the

Harniltonians and/or the reduced density operator depending on the nature of the practical

system under investigation. One of the simplified versions of the density operator

formalism called operator product formalism (Banwell & Primas, 1962; Sorensen et al.,

1983; Van de Ven & Hibers, 1983) has been frequently employed to describe the

experiments performed on a weakly coupled spin system in the context of high resolution

NMR. Following a suggestion by Fano (Fano, 1957), the main idea behind this formalism

is to expand the o(t) in a tensor base constructed from the products of spin operators (E,

6,, 0y, 0', of the Pauli matrices) (Sorensen et al., 1983; Ernst et al., 1987).

0(t) = 2, b,(t) B, and B, = 214*” H (1,,)“* (4)

k=l
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where B, is a base operator in the Liouville space consisting of all spin operators, N = the

total number of I = '/2 nuclei in the spin system, k = index of nucleus, v = x, y, or z, q =

number of single-spin operators in the product, as, = 1 for q nuclei and as, = 0 for the N-q

remaining nuclei. The spin Hamiltonian H, of a weakly coupled spin system in the

context of high resolution NMR in liquid phase could be approximated by 0,1,2, MHZ] ,,

and B1,“, (here B is the flip angle of per unit time about v axis), respectively. The first two

are time-independent, representing the interaction with the static field (the chemical

shifls) and the interaction between nuclear spins (spin-spin coupling), respectively. The

other is a time-dependent term, representing the interaction with external r. f. fields

(pulses), which could be made time-independent for a finite time segment by selecting a

suitable rotating frame (Rabi et al., 1954). The solution of the equation (3) for a time-

independent propagator U is very simple

(3 (t) = exp(—iUt) 6(0) exp(+iUt) (5)

Most of the NMR experiments could be calculated by means of this equation and

commutation relations. With the simplified Hamiltonians mentioned above the we could

derive all the results from operator product formalism. However, the physical picture was

more clear in the latter, whose advantage originates from the simplification of the spin

Hamiltonian H, such that each of the three terms is itself a base operator. Therefore, the

evolution of any product operator under the effect of any of the three terms could be
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calculated according to the commutation rules among them. If there exists the following

commutation relation among operators A, B and C (and their cyclic permutations)

[A, B] = iC (6)

the operator A under the propagator U = H, = C will evolve as

exp(—i0C) A exp(+i0C) = A cost) + B sine (7)

Therefore, the space spanned by the three independent operators A, B and C is a subspace

of the Liouville space. The majority of pulse NMR experiments applied to the structural

biological problems, where the H, could be approximated by the three terms above, could

be easily treated in this manner. However, this formalism is not adequate for a complete

mathematical description ofNMR relaxation in liquid.

Fourier Transform NMR. The method of recording NMR signals free of pulse

was widely used in the T, and T2 measurements by the spin-echo method (Hahn, 1950;

Carr & Purcell, 1954; Meiboom & Gill, 1958). A non-echo method has also been

developed to record NMR signals free of pulse by means of Fourier transform. It has

been shown that after applying a strong external r. f. field H, for a very short time 1: (r. f.

pulse) the transverse magnetization M(t) = M, + i My evolves in the absence of a pulse

according to (Lowe & Norberg, 1957)

M(t) = M,, sin (1),“: exp(iroot) I f(o),, + a) ) exp(—i(ot) do) (8)

L 4

Git)
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where M0 is the equilibrium magnetization, (0,, is the central Larmor frequency, a), is the

frequency of the applied r. f. field, f(a),, + (o) is the shape function related to the

imaginary part of the r. f. susceptibility x". The integral is from —oo to +00. M(t)

processes with a time-dependent amplitude G(t) called correlation function, which is the

Fourier transform of the shape function f((o,, + 03). Therefore, the recording of the decay

of a NMR signal (called free induction decay) represented by G(t) gives the same

information about the shape function as the observation of the resonance with a vanishing

small r. f. field (the continuous wave NMR). The superiority of the Fourier transform

NMR over the continuous wave NMR becomes obvious when it was applied to complex

systems (Ernst & Anderson, 1966). One of the advantages is the sensitivity improvement,

which becomes more apparent for complicated high resolution spectra in liquid.

Furthermore, Fourier transformation consists in the basis for extending the dimensionality

ofNMR experiments.

Multidimensional NMR. Two-dimensional (2D) NMR experiments, first

proposed by Jeener (Jeener, 1971), are natural extensions of double resonance

experiments (Bloch, 1954, 1958; Royden, 1954; Bloom & Schoolery, 1955). Both

techniques are designed to observe the properties of a system, which are related to its

nonlinear responses to external perturbations such as the connectivity of transitions in

various energy levels. In contrast to the normal double resonance techniques, the

parameter t, (time in the evolution period) in 2D techniques is changed systematically as

a variable, and a Fourier transform is applied to both time variables t, and t, (Aue et al.,

1976)
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S ((01, (02) = I dtl exp(—io),t,) I dtz [exp(-io),t,)] 5+0], ’2) (9)

S+(tl' t2) = trs {PO-(th t2)}=zrs Zruexp{(“i(”nM)—A73“!))t2} er tu exp{(_iwm(C)—)\'tu(6))tll (10)

0 (to ’2) = €XP{-(i"7/§d’ + r.(d’)t2} WeXPI-(it‘y/J” + 11(6))“ «4850 (11)

where S((o,, 0),) represents the cross-peaks of the 2D spectrum, s+(t,, t,) is the observed

complex magnetization signal (FID) and F= Z l,+i1,, is the observable spin operator.

c’ 4“”, F ‘d’ and 6%,”, 1“,“) are the Hamiltonian and relaxation superoperators in the
3

detection and evolution periods, respectively. Z,, W = F‘,, .4? (.%o,,),,, here .Jfoo is thers in

density operator after the preparation period, .J/, is the preparation superoperator and 6,, is

the density operator at t = 0. .h’is a rotation superoperator representing the r. f. pulses,

which couples the coherences in the evolution period with those in the detection period.

In other words, .%induces coherence transfers which are representative of the molecular

system under investigation, and is the characteristic feature distinguishing the various

forms of 2D experiments. In three- and four-dimensional experiments, there may be two

or three evolution periods, and two or three rotational superoperator .Ws transferring the

coherences between the different evolution periods and between the last evolution period

and the final detection period.

Selection of pathway. For the success of a 2D experiment, certain desired

coherence transfer pathways must be selected while others are suppressed by either

phase-cycling (Wokaun & Ernst, 1977) or pulsed field gradients (Maudsley et a1, 1978;

Bax et al., 1980). Both methods rely on the different transformational behaviors of the
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coherences with different orders under phase-shifting or gradients. In NMR experiments

coherences are transferred between the different orders by a propagator U((p) (5), which

changes with its phase (p in the following manner.

U(<p) = eXP(-i<pF.) U(0) eXP(+i<pF.) (12)

where (p is defined as the angle of the displacement from the x-axis towards the y-axis,

U(0) is the propagator with phase zero and F, = Z 1,. A coherence (o p) with order p

transforms under a rotation about the z-axis in a manner characteristic of its order: the

change in phase is proportional to the order.

exm-ich. )0 ” exr>(+i<pF. ) = o ” exr>(-ip<p) (13)

Therefore, different coherence order can be separated from each other by means of

shifting the phase of the propagator U according to the equation (12) and (13). More

importantly, according to (13) a certain desired coherence order such as p can be selected

by means of a discrete Fourier transformation of the combined data acquired with distinct

phases (p.

The selection of the desired coherence transfer pathways by pulsed field gradients

is essentially based on the same mechanism: the proportionality between the phase angle

4), rotated by the application of a shaped gradient and the coherence order p (Maudsley et

a1, 1978; Bax et al., 1980; John et a1, 1991; Davis et al., 1992)
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<1), = Y(SGT)I‘P (14)

where s is the shape factor, G is the gradient strength, I is the gradient duration, s0: is

the area of the gradient pulse and r is the distance from the gradient isocenter.

Pure phase spectrum. In 2D NMR, a single coherence transfer pathway

invariably leads to mixed peaks with unwanted features, each of them is a superposition

of a pure absorptive peak and a pure dispersive peak. A 2D spectrum with pure phase can

be obtained, for example, by either adding or subtracting the signals from the two mirror-

image coherence pathways followed by a 2D Fourier transformation, which is real with

respect to t, and complex with respect to t, (other factors in equations (9) and (10) not

relevant to the discussion here are dropped unless stated otherwise).

S(tl’ t2) : 2008(wtrt(6)tl) exp (_iwrs(d)t2) (15)

so», 0),) = 21 dt, cos(w,t,) 1 dt, [exp(—io),t,)] s(t,, t2)

= {a.(wr) + Gal-031)} {0..(002) - id..(03.)}= a...(wr)ar.(w2) + additional terms (16)

where (1(0)) and d((r)) are the Lorentzian absorption and dispersion component,

respectively. It is assumed that the two pathways have the same magnitude. Here, only

the added signal is retained and the subtracted one is disregarded. Therefore, without

regard to the noise, the sensitivity decreases two-fold in order to obtain a pure phase

spectrum.

Quadrature detection. In the direct detection dimension (t2), the sign of a

resonance frequency w,,‘“’ can be discriminated by recording complex signals s+(t,, t2) =



38

s,(t,, t,) + i s,(t,, t,) (Redfield & Gupta, 1971). Following the same principle the sign of a

resonance frequency in the indirect (t,) dimension could be distinguished (States method)

by recording the two signals 5,, (t,, t,) and s, (t,, t,) resulting, respectively, from the two

distinct phases (pA = 0 and (p3 = TC / 21p] of the pulse at the beginning of the evolution

period (t,) (States et al., 1982). Either of them may be understood as a superposition of

the two equally weighted mirror-image coherence transfer pathways with frequencies

com“) and -(r),,,‘°’. After a complex Fourier transformation with respect to t, we have

SA(tI’ t2)=2COS((Dm(c)tl) exp(—imrs(d)t2) and SA(tl’ (02):2[ars((02)_ idrs(w2)] c()S(a)tri(¢)tl) (l7)

and

so“1’ t,)=23in(o)m‘°’t,)exp(—i(r),,‘“’t,) and 5301. w2)=2[ars(w2)_idrs(w2)]Sin(('0tu(e)tl) (18)

With the assumption that the magnitudes of the two signals are the same irrespective of

the possible differences of their transfer pathways due to the relaxation, a pure phase

spectrum with sign discrimination can be obtained by first constructing a complex signal

s((t,, (0,) = ReS,(t,, (1),) + i ReS,(t,, 0),), and subsequently transforming it by a complex

Fourier transformation with respect to t, (keeping only the pure absorption term).

S(‘((Dl' (1)2) = 2 ars((02) atu(0)l) (19)

Please note that the signal from one of the two mirror-image coherence pathways is

discarded with two-fold decrease in sensitivity without regard to the noise. The sign

discrimination in the indirect detection dimension can also be achieved by increasing the
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phase of the pulse at the beginning of the evolution period (t,) in proportional to the

evolution time t, (TPPI method) (Bodenhausen et al., 1980b; Marion & Wuthrich, 1983)

(p = n/(2lplt,At,) = a) ”PP” / t, with a) ”PP” = 1t/(2lplAt,) (20)

where I/At, is the sampling rate in t, dimension. Therefore, the signals in t, dimension

appear to be shifted in frequency (D, = comm + p,,, comp", here pm is the coherence order in

the evolution period. The signals from the coherences with opposite orders such as i] are

shifted in opposite directions. A pure phase spectrum could be obtained by superimposing

the different signals calculated by real Fourier transformations with respect to t,. The

third method (States-TPPI) to discriminate the sign is essentially a States method with the

exception that the axial peaks are moved to the edge of the spectrum by the TPPI method

(Marion et al, 1989a).

Sensitivity enhancement. As shown before, the signal from one of the two mirror-

image pathways is usually discarded to obtain a pure phase spectrum. However, under

certain circumstances, it can be retained to increase the sensitivity, for example, by

shifting the phase of a pulse in the mixing period (Cavanagh et al., 1991, Palmer et al.,

1991). This can be best illustrated with a simple pulse sequence on a system consisting of

non-interacting spin 1/2.

90°B —-t,— 90°,— 90°, —t, (detection)

where d) = ix and B = y or —x. The two signals correspond to B = y and (i) = ix are
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Sy—x (tlt t2) = Cv—x exp(_imrs(d)t2) Re[1+exp(-iwm(e)tl)] and

s," (t,. t.) = C."exp(—iw..“”t2) Relf exp(iw..‘e’t,)l (21)

where C ’s represent other factors in equations (9) and (10). These two signals look like

they originate from two mirror-image coherence transfer pathways, and are related with

each other by equation (12) with (p = it. Therefore, amplitude-modulated signals (pure

phase spectrum) can be obtained by either adding (sf) or subtracting (s,‘) the two signals

assuming C," = C," = C}.

“’tr) eXp (-iw..‘d’t2) (22)"I

s," = C, 2I,cos(a),,,‘°’t,) exp (—i(o,,‘“’t,) and s,‘ = C, 211,5in((r)

The two signals with B = —x can be obtained from (20) by equation (12).

s_, “ (t,, t,) = C_, "‘ exp(—i(r),,‘“’t,) Re[exp(—itt/2 F,)F exp(+itr/2 F, ) exp(—ia),,,“’t,)]

= C_, "‘ exp(—i(r),,‘“’t,) Re[exp(—ird2 )F exp(—i(o,,,“’t,)]

S..." (to Q) = C_.’eXp(-iwr.‘d’tz) Relexm-WZ )1+ eXP(i(D...‘°’tr)l (23)

The signals similar to (21) could be obtained by either adding (s“_, ) or subtracting (s’_, )

the two signals assuming C_,"‘ = C_," = C_,.

S”-.= -C_. 21.Sin(w...‘°’tr) exp(-ioor.“”tz) and if C. 211.,COS(C0...“’11) eXp(-iw..‘d’t2) (24)
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With the assumption that C_, = C,.= C new complex time domain data can be constructed

by combining the two signals s’(t,, t,) and s’(t,, t,) with respect to t, as in the usual States

method prior to the complex Fourier transformation.

3’01: (2) = Syd (t 1' t2) " i SS—x : 4 CCOS(wm(C)t/) exP (“103”“le and

s‘(t,, t,) = s“_, (t,, t,) + is‘y = —4 C sin((r),,,‘°’t,) exp (—ia),,‘“’t,) (25)

The sensitivity is enhanced by two-fold compared to the usual States method (19). It

originates from the preservation and combination of the two orthogonal transverse

magnetization components I, and I, with the condition that I, and 1,, must be equivalent in

the coherence transfer processes. However, the enhancement is only 2”2 with regard to the

noise, and in reality it is still lower because the four C’s above are not necessarily equal

to each other due to the different relaxation rates of different coherence transfer pathways.

This method has been successfully incorporated into many pulse sequences for studying

the structure and dynamics of proteins.

Composite sequence. Composite pulse sequences have been widely used to

suppress off-resonance effects, and to accomplish broadband decoupling and

homonuclear isotropic mixing. They are designed to have the same effect as a single

pulse but can tolerate the imperfections of r. f. pulses. In particular, cyclic composite

sequences designed to make their propagators as close as possible to the unit operators

have been employed most frequently. Ofthem, WALTZ-l6 (Shaka et al., 1983), GARP-l

(Shaka et al., 1985), DIPSI-l, 2 or 3 (Shaka et al., 1988), MELEV-l6 (Levitt et al., 1983) _

and SEDUCE-l (McCoy & Mueller, 1992a, b) have been used for broadband decoupling.
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While WALTZ-l6, MELEV-17 (Bax & Davis, 1985) and DIPSI-2 or 3 have been

employed for homonuclear isotropic mixing.

Water suppression. The huge solvent signal of an H,O sample can be suppressed

by presaturation (Anil-Kumar et al., 1980b; Wider et al., 1983), 1-1 hard pulse combined

with phase alternated l-l hard pulse (Sklenar & Bax, 1987), spin-lock (Messerle et al.,

1989), WATERGATE (Piotto et al., 1992) and water flip-back techniques (Gr'zesiek &

Bax, 1993a). The last technique has been incorporated into many pulse sequences of

multidimensional heteronuclear NMR experiments to minimize the dephasing and

saturation of the solvent signal, and consequently to minimize the exchange of amide

protons with the solvent.

Section 2. NMR Experiments for Protein Studies

NMR experiments for sequential resonance assignments. Homonuclear 2D 'H-

1H through-bond correlation experiments (Wiithrich, 1986) such as COSY (Aue et al.,

1976), DQF-COSY (Piantini et al., 1982) and TOCSY (Braunschweiler & Ernst, 1983;

Bax & Davis, 1985; Griesinger et al., 1988) can be used to identify amino acid spin

systems. Homonuclear 2D lH-‘H NOESY, a through-space correlation experiment,

(Jeener et al., 1979; Macura & Ernst, 1980; Anil-Kumar et al., 1980a) can be used to

establish the sequential connectivities along the polypeptide chain. These homonuclear

experiments can only be used for resonance assignments of proteins with ~100 residues
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because the through-bond experiments require that the coupling constant UH” be not

much smaller than the 'H resonance line width. The first sequential resonance assignment

of a protein called BPTI was obtained by this method (Wagner & Wiithrich, 1982).

Furthermore, it has been extended for larger proteins with M, less than 15 kDa by adding

another dimension (”N) to these 2D experiments to alleviate spectral overlap.

The assignments of proteins with M, larger than 15 kDa, but less than 25 kDa,

can be achieved by a series of triple resonance experiments (Ikura et al., 1990a; Kay et

al., 1990a) using a ”C and ”N doubly labeled protein. These 3D heteronuclear correlation

experiments are designed to take advantage of the relatively large heteronuclear coupling

constants to alleviate the problems associated with large line widths. INEPT (Morris &

Freeman, 1979), or refocused INEPT (Burum & Ernst, 1980), or DEPT (Doddrell et al.,

1983) sequences have been incorporated into these experiments to accomplish the

coherence transfers between the heteronuclei 1H and ”N and '3C. For relatively rigid

proteins with M, about 20 kDa, these transfer steps are quite efficient since the line widths

of 1H, ”N and '3C resonances are normally significantly smaller than the relevant one-

bond ('JHN, 'JHC, lJNCm, lJNCO, lJam, 'JCC) (Figure 1.4) and two-bond (ZJNCQ) coupling

constants. The sequential resonance assignment is obtained in a conforrnation-

independent or through-bond manner. These experiments have been further optimized by

techniques such as constant-time (Grzesiek & Bax, 1992a; Zhu & Bax, 1990), gradient

coherence selection (Kay et al., 1992a; Kay, 1995) and gradient artifact suppression (Bax

& Pochapsky, 1992; Wider et al., 1993), composite pulse, and sensitivity enhancement

(Kay et al., 1992a). The experiments most frequently performed for sequential

assignments are HNCO, HNCA, HCACO, HN(CO)CA and their extensions such as
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Figure 1.4. The polypeptide backbone and side chains showing the one—bond coupling

constants through which the coherences are transferred in double and triple resonance

NMR experiments.
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HNCACB (Wittekind & Miieller, 1993), CBCA(CO)NH (Grzesiek & Bax, 1992b) and

HBHA(CO)NH (Grzesiek & Bax, 1993b). The side-chain resonances are mainly assigned

by HCCH-COSY (Kay et al., 1990b) and HCCH-TOCSY experiments (Bax et al., 1991;

Kay et al., 1993), and in favorable cases by C(CO)NH and H(CCO)NH experiments

(Logan et al., 1993; Grzesiek et al., 1993) (Figure 1.4). For proteins with M, larger than

25 kDa, the recently developed deuterium labeling is normally needed to simplify the

spectrum, to reduce the line width, and to enhance the efficiency of coherence transfer.

For example, the HCCH-COSY and HCCH-TOCSY experiments which depend on lJCC

(~30-35 Hz) become less efficient for proteins with M, larger than 25 kDa. With the help

of a series of experiments specifically designed for 2H, ”C and ”N triply labeled proteins,

the solution structure of a protein with 259 residues has been reported recently (Garret et

al,1997)

NMR experiments for extracting structural restraints. The distance restraints

used for structural calculation are derived from NOEs. The experiments most frequently

performed include 2D homonuclear NOESY, 3D ”N-edited NOESY-HMQC (Fesik &

Zuiderweg, 1988; Zuiderweg & Fesik, 1989; Marion et al., 1989b) or NOESY-HSQC

(Marion et al., 1989b), 3D ”C-edited NOESY-HMQC (Ikura et al., 1990b; Zuiderweg et

al., 1990) as well as 4D ”N, ”C-edited NOESY (Kay et al., 1990c; Muhandirarn et al.,

1993) and 4D ”C, ”C-edited NOESY (Zuiderweg et al., 1991). These experiments are

built on two highly sensitive 2D heteronuclear correlation experiments HMQC (Miieller,

1979; Bax et al., 1983) and HSQC (Bodenhausen & Ruben, 1980) ('JNH = ~92 Hz and

lJCH = ~120-160 Hz). The torsion angle restraints are obtained from coupling constants
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according to the Karplus equation (Karplus, 1959). The experiments most frequently

performed to extract such coupling constants are homonuclear 2D COSY, E. COSY

(Griesinger et al., 1985), P. E. COSY (Mueller, 1987) and heteronuclear 2D lH-”N

HMQC-J (Kay & Bax, 1990) and 3D HNHA (Vuister & Bax, 1993). The last two

experiments need ”N-labeled samples and are used to measure 3J,,,,,,,. Furthermore, ”C

secondary chemical shifts have also been included in the structural refinements

(Kuszewski et al., 1995). Stereospecific assignment at a chiral center can be obtained

from the three-bond scalar coupling, where appropriate, with intraresidue and sequential

interresidue NOE data (Clore & Gronenbom, 1991a, b). The first protein NMR solution

structure (Williamson et al., 1985) was determined by distance geometry (Havel &

Wiithrich, 1984). However, most of the recent NMR structures are calculated by the

hybrid distance geometry-simulated annealing (DGSA) protocol (Nilges et al., 1988).

NMR experiments for studying other structural and biochemical problems. In

addition to structure determination and dynamical studies, solution NMR techniques can

be used to study other structural and biochemical problems. Bound waters can be

identified by employing the different translational diffusive behaviors of water and

protein molecules (Wider et al., 1996) in terms of intermolecular translational Brownian

motions (Torrey, 1953, 1954; Resing & Torrey, 1963; Stejskal & Tanner, 1965). Binding

sites for ligands or substrates can be identified by measuring intermolecular NOEs

(Gronenbom & Clore, 1995), or quickly but approximately by monitoring the changes in

the chemical shifts of the residues upon ligand binding. A protocol for screening the

ligands and subsequently optimize them has been developed for drug discovery (Shukert

et al., 1996). The ionization states of the ionizable groups in proteins can also be
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measured by NMR. For example, two aspartyl groups in the active site of HIV-1 protease

have different ionization states. The carboxyl of Asp 25 is protonated while that of

Asp125 is not over a pD range extending from 2.5 to 6.2 (Wang et al., 1996). This critical

information has been used in the design of its inhibitor.

Section 3. Theories ofNMR Relaxation in Liquid

Internal motions are critical for many firnctions of proteins in solution such as

ligand binding and enzymatic catalysis (Karplus & McCammon, 1983; Karplus & Petsko,

1990), although their relevance in many systems has yet to be proven experimentally.

Solution NMR spectroscopy, especially NMR relaxation measurement, has become one

of the most powerful techniques to quantitatively characterize internal motions. For

example, the rotations of aromatic side chains were discovered by NMR (Snyder et al.,

1975; Wiithrich & Wagner, 1975). More recently, NMR relaxation study has shown that

the long helix connecting the two globular domains of the protein calmodulin observed in

x-ray diffraction is not stable in solution (Ikura et al., 1992). Internal motions that occur

in partially folded proteins are important for understanding protein folding pathways. The

residual structures of unfolded proteins have been identified by heteronuclear lH-”N

NOE experiment (Farrow et al., 1997). Relaxation study can be beneficial to NMR

spectroscopy itself. The quantitative characterization of the relaxation behaviors helps to

optimize the design of NMR experiments. It is well known that the efficiency of
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coherence transfer, no matter whether by means of spin-spin coupling or cross-relaxation,

depends on both the global and internal motions. The fast decay of the signals of large

proteins on the NMR time scale is the key factor limiting the applicability of NMR

techniques to such systems. The quantitative relaxation information may also be used to

improve the precision of NMR-derived structures because the distance restraints used for

structural calculation are derived from cross-relaxation rates, which in turn depend on

internal motions. In the following I will review two of the most frequently used methods

for extracting quantitative information about the internal motion from NMR relaxation

measurement. Although NMR relaxation measurements have been reported for quite a

few proteins, the interpretation of such data is itself far from an easy task.

Fourier series method. A general theory of relaxation, an irreversible dissipative

process by which a disturbed closed system returns to its equilibrium state in the absence

of external perturbation (see, c. g. Landau & Lifshitz, 1969), is a difficult quantum-

statistical problem starting from the time reversal Schrodinger equation (see, c. g.

Prigogine, 1962). It has not been completely solved. In contrast to the thermodynamic

fluctuations at equilibrium, irreversibility means a direction in time. To make the problem

tractable, it is usually assumed that relaxation is caused by the same underlying random

process (Brownian motion) as that giving rise to the thermodynamic fluctuations at

equilibrium. Irreversibility is introduced as an ad hoc assumption. The random process of

Brownian motion is assumed to be a stationary Markofl process to be described to the

accuracy of a joint probability or conditional probability (Wang & Uhlenbeck, 1945).

There exist at least two methods to describe Brownian motion, the Fourier series method

(spectrum method) and the diffusion equation method. The latter will be discussed in
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later sections. The former analyzes the Brownian motion by Fourier series or integral

(Rice, 1944). A random function F,(t) of time can be expanded as a Fourier integral, the

spectrum of the random process.

F,(t) = L,” d0) A,((o)e "w' (26)

where the random variable A,((r)) is the amplitude with frequency (1) of the Fourier

expansion. A random process with two random functions F,(t) and F,,(t) can be

characterized by the spectral density J,,,(co) defined as Lim ,_,,, (A,(c))A,,‘((r))) / T, a time

average. The same random process can also be described in terms of a time correlation

function Ca,(t, t+t) defined as

C,,,(t, m) = Lim,_,,, ( l_,,+°° F,(t) F,‘(t+r) dt ) /T (27)

C,,,(t, t+t) depends only on the time interval 1. The equivalence of the two descriptions is

established by the Wiener-Khintchine theorem, which states that the time correlation

function of a random function is a Fourier transform of its spectral density (Wang &

Uhlenbeck, 1945).

C,,,(t, t+t) = 2 I,“ do) J,,,(a))cosu)t (28)
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Furthermore, the ergodic hypothesis is employed to justify the replacement of time

average with ensemble average

C,,,(t, m) = Lim,_,,,1/Tl_,,+°° F,(t) F,‘(r+r) dt = <F,(t) F,‘(t+z)>,, (29)

where angular bracket represents ensemble average.

From the exact Liouville-von Neumann equation (3), several authors have derived

relaxation theories in terms of the correlation function or spectral density of the molecular

environment (bath) appropriate for a spin system with interactions such as scalar, dipolar

and quadrupolar couplings (Wangsness & Bloch, 1953; Fano, 1953, Bloch, 1956, 1957;

Redfield, 1958, 1965; Abragam, 1961; Hubbard, 1961; Argyres & Kelley, 1964). These

theories share features similar to the general Onsager’s thermodynamic theory on

irreversible processes (Zwanzig, 1961), and are constructed by means of various

simplifying assumptions on the bath and the magnitude of the coupling between the bath

and the spin system. Their final results are a set of equations relating the NMR-

measurable relaxation parameters such as relaxation time and NOE enhancement to the

microscopic properties characteristic of the bath. The key steps of the derivations are

recapitulated as follows.

Quantum relaxation theory in operator form. An isolated system with total

conserved Hamiltonian H is divided into two subsystems, a bath with time-independent

Hamiltonian hF(/) and a spin system with time-dependent Hamiltonian hH,(s, t) including



51

the interactions with external r. f. fields (Hubbard, 1961). These two subsystems interact

with each other and the interaction Hamiltonian hGQf s, t) is a random function of time.

H = fiH,(s, t) +2; F(f)+ hG(/f s, t) (30)

The separation is necessary since the two subsystems possess quite different properties

and play distinct roles in NMR relaxation theory.

Several simplifying assumptions are introduced for the bath at the different stages

of the derivation. The bath is assumed to possess quasi-continuous energy levels, and to

be in thermal equilibrium at all times and independent of the spin system.

p(fi s ,t) = o(s, t) pT(/) = G(S, t) exp(—fiF / k7) / tr,.{exp(—/iF / kT )} (31)

where p(fl s ,t), pT(f) and o(s, t) are density operators for the whole system, the bath in

thermal equilibrium and the spin system, respectively. T is the absolute temperature, k is

the Boltzmann constant and tr, means taking the trace over an ensemble of the bath

subsystems. These assumptions characterize the basic feature of a relaxation process:

irreversibility. With these assumptions, a syrnmetrized quantum-mechanical correlation

function C,,(t ) can be defined as

Cu“ ) = <F'(t)1“"(t+1)>.(v = '/2 [trf{pTF*.(t + I) F'(t)} + trrlFWt + I) PTF'(t)}l (32)
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where F’s are the variables of the bath whose dissipative behavior is rather loosely

characterized by a temperature-dependent correlation time t, with the property that

|C,,,(t ) I z 0 if I >> I, >>/r‘/ kT. It is further assumed that the bath correlation time t, is

much shorter than the relaxation time of the spin system, that is, |R|‘I or [N]-1 >> t,., where

l R I"1 or | N l’I is a function of both the spin operators and the spectral densities of the

bath, the latter is defined as J,, (0)) = l C,, (r) exp(iwt) dt {see equation (75) and (76) of

Hubbard, 1961 }. The magnitude of lRl‘l or lNl‘l represents a measure of the relaxation

times of the spin system.

Two assumptions are also made for the interaction Hamiltonian hG(s, f, t). It is

assumed to be so weak that the relaxation of a spin system caused by it can be treated by

time-dependent perturbation up to the second order.

(ac/at = - tr, {i [60). pm] + L; d-c (G(t). [Ga—r). pwmr (33)

Furthermore, G(t) is expanded as a sum of products of a bath operator F‘(t) and a spin

operator V(t) with the latter itself being expanded as a Fourier series or integral

G(t) = z , 15*(z) V0) and V0) = 2 , V,‘ exp (rm/‘1) (34)

where 0)," is the difference of the energy levels in frequency of the spin system. With

these assumptions the change in o(s, t) for a time interval At satisfying the condition lRl’l

or [N |‘1 >> At >> I, could be expressed as
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o(t+At) = (5(1) + if“ {R (G(t), t') + i [G(t), N (t’)]} dt’ (35)

Finally, with the assumption that G(t) in (34) can be replaced by G(t’) (this is equal to the

introduction of the irreversibility into the problem according to Fano), the

integrodifferential equation (35) becomes a linear differential equation.

(30(0/6: = i [G(t), N (t)]+ R (G(t), t) (36)

This approximation implies that the response of the spin system to an external

perturbation is simultaneous without any memory effect (Zwanzig, 1961). Hubbard

argued that this assumption was the same as the assumption |R|", WI“l >> At >> t,.

In order to take advantage of the symmetrical properties of the bilinear dipolar-

dipolar, quadrupolar and chemical shift anisotropy (CSA) interactions G(t) could be

expanded as a scalar contraction of second-rank spherical irreducible tensor operators 1",

of the spin system and F“,(t) of the molecular degrees of the bath (see, e. g. Brink &

Satchler, 1993; Goldman, 1984)

G(t) = 2M (—1)" 1“,, F“_q(t) (37)

where u specifies different interactions and the summation q runs from —1 to +1, here 1

represents the rank of the tensor, in this case, I = 2. The corresponding correlation

function involving only F",(t) can be defined similarly. This expansion makes it much
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easier to treat the cross-correlation between different relaxation mechanisms but with the

same rank (Werbelow & Grant, 1977; Vold & Vold, 1978). The cross correlation between

different ranks vanishes irrespective of the value of q.

Semiclassical theory. In semiclassical approximation the bath is further simplified

to act as a randomly fluctuating magnetic field with infinite temperature. The classical

bath correlation function is identified with the symmetrized quantum-mechanical

correlation function (31) without regard to the commutation relation and the density

operator of the bath pT(/).

0.0) = tr,{F*‘(t+r)1~"'(t)} = mute) Pa») = <F'(t) F*‘( t+r )>.. (38)

The semiclassical formalism widely used in the interpretation of protein NMR relaxation

data is due to Abragam (Abragam, 1961). In an interaction representation with o’(t) =

tr, {p'(t)} = tr, {exp(i H,+F) p exp(—iH,—F)} equation (32) and (34) can be simplified as

0’0) = exp(iH.+F) G(t) exp(-iH.-F) = Z). 1E*(t)A"(t) = 2).. F0) Vrkexpfiwrkt) (39)

ao‘/at = —1/2 2,, ,J,(0),*) [V,"‘,[V,", o‘— 0T1] (40)

where spectral density J,(0),") = l <F*(t) F"( t+t )>exp(i0),"t) dt is defined as before, and

k"(t) is a spin operator. oTrepresents the reduced density operator in a thermal equilibrium

state. There is a difference between the H,(s, t) in Hubbard’s notation and the H,(s, t) in

Abragam’s notation, namely, the former includes the average over an ensemble of baths

in thermal equilibrium while the latter does not, so no or appears in (36). The cross-
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correlation between different dipolar-dipolar interactions, and between the dipolar and

chemical shift anisotropy (CSA) is neglected in (40). They are supposed to be suppressed

experimentally (Kay et al., 1992b).

Usually T, and T, relaxation and heteronuclear NOE enhancement o(H,—)N,) such

as that between 'H and ”N are dominated by the dipolar-dipolar interaction between ”N

and the attached proton, as well as the CSA interaction with an external magnetic field.

These three relaxation parameters can be related to spectral densities J(0))’s at four

fi'equencies (Abragam, 1961)

UT] = 72H 72))?” /4r6NH {10)(wH-(DN) 1' 3fl)(mN) + 6J2)((DH+CDN) } + 1/3A2 OJZNJCCUDN)

...... (41)

1/T2 = 72H Y2N712 /845W {4J°’(0)+J‘°’((DH-co~) + 3J"(69~) + 6J‘”((0H) +6J‘Z’(wn+w~)}

+ l/3A20)2N {2/3 rem) + 1/2 J“(0)N)} (42)

G(Hz-Wz) = )2H Y2N712 Mr’lw—r {612’(0)H+wN) —J(O)(O)H_wN)l (43)

where J‘“)(0))'s are the spectral densities for the different components of the dipolar-

dipolar interaction, and J “(0)) is the spectral density for CSA interaction, respectively.

The CSA is assumed to have an axially symmetrical axis 2 with A = (5,, — l/2 (0,,+oyy,. rm,

is the distance between the two nuclei. It is often further assumed that all the spectral

densities J(0))’s are the same

J‘O’(0)) .__ 10(0)) = J”)(CO) = J ‘c (0)) = J C“ (0)) / P,(COS9 ) (44)
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where the J “’(0)) is the spectral density for the cross-correlation between the dipolar-

dipolar and the chemical shift anisotropy interactions if it is not suppressed, P,(cos()) is

the second Legendre polynomial, and 0 is the angle between the internuclear vector and

the symmetrical axis of CSA. This assumption is valid for isotropic rotational diffusions,

and usually a good approximation for most practical systems in liquid. According to

equations (41)-(43) it is obvious that only certain frequencies of the bath are directly

responsible for NMR relaxation. Those are 0, 0),, 0),, 0),,-—0)N and 0),,+0),v causing zero,

single and double quantum transitions of the spin system. Similar equations for the

relaxation of antiphase and two spin order coherences have also been derived (see, e. g.

Peng & Wagner, 1992), and the equations keeping the cross-correlation term between the

dipolar-dipolar and CSA interactions have been published (Goldman, 1984).

Relaxation theory in matrix form. The formalisms of the relaxation theories

above are expressed in terms of operators. The main result of the semiclassical formalism

equation (39) could also be cast in a matrix form. The result is a set of linear equations

for the evolution of the matrix elements (tau/s in a representation of the eigenstates

0t, (1', B, B' etc. of the unperturbed spin Hamiltonian H,(s, t) (Redfield, 1965).

doa,./ dt = i (CU—or )o,,,, + 2,3,. R,,.BB. [CW — 539.533.] (45)

where 85,. is the Kronecker delta. R ,3. is a time-independent element of the relaxation
aa'B

matrix, and is related to the spectral density Jaw, of the bath.
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R....=J....(9'—a' > + J.,...(a -l3) «S.,.E , J,.,. (y —a) — 6.. 2 , a... ,. (a' — y) (46)

The spectral density J,,,,,,, is the Fourier transform of the time correlation function

Cam, (t).

JaBa'B' ((1 ‘13) = 1 dt em 4)): CaBa'B' (I) and CaBa'B’ (T) = (GaB (t) Gra'p' (t—T» (47)

The interaction Hamiltonian G(t) responsible for the relaxation of the spin system is a

random function of time, and Gm. (t) could be further expanded as before

Gau' (t) : Zl: Flt) Vaa' (48)

where V‘aa. ’s are the spin operators and H(t) ’s are the random functions representing

local fluctuating fields. A spectral density involving only bath operators could be defined

as

1.,, (a — [3) =1 dr ,«a ' B" (mt) Pitt-r» (49)

The semiclassical theory in matrix form presented above can be easily generalized into a

quantum-mechanical theory. One result of such extensions is that the temperature appears

in the definition of the quantum spectral densityj, p (or — B) = k,,,, (or -— B) exp[/r‘ (B — or) /

2.4T], here/is the Boltzman constant. Therefore, we have
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Jkk’(a—B) =jl’k(B—a) exp[/1‘(B—ct)//T] (50)

This equation represents mathematically the fact that the bath induced transition where

the bath gains the energy It (B—or) is more probable than the opposite one by a factor

exp[/i (B—a) / / T]. Therefore, in quantum-mechanical relaxation theory Raawi

R3,“, and the disturbed spin system will approach its equilibrium state as it should be.

This is in contrast to the semiclassical theory where Rm” = Rama, and the approach to an

equilibrium state is introduced in (40) and (45) as an ad hoc assumption.

BPP theory. The semiclassical theory becomes identical with BPP theory for an

isolated system consisting of non-interacting nuclear spins (Bloembergen et al., 1948) by

an additional assumption that there exists no phase correlation between the eigenstates of

the spin Hamiltonian. Consequently, all the off-diagonal elements of the reduced density

operator ()(t) can be neglected. The underlying mechanism is clear in this theory. Random

fluctuations of the bath cause not only single quantum transitions between the nuclear

spin energy levels with energy transfer between the bath and the spin system, but also

zero and double quantum transitions with energy conservation within the spin system

alone. A master equation about the probability of a transition per unit time Wu, (= Rum)

could be derived

dpa/dtzzB WaB [(pB_pBO)—(pa—pao)] (51)
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where p,l and p, are, respectively, the populations of or and B energy states and p00, p,0

their corresponding equilibrium values. The macroscopic magnetization such as M,,

which commutes with the spin Hamiltonian of a system of nuclear spins I could be

calculated according to

M2 (1) = 2'.) m19,..(t) (52)

wherepm(t) is the population of an energy level with magnetic number m.

Cross-Relaxation. The BPP theory was extended to a two spin system coupled by

dipolar-dipolar interaction with four eigenstates ll) = Ian), [2) = laB), I3) = |B0t) and I4) =

|BB). The following equations for longitudinal components 1,, S,, and similar ones for

transverse components could be derived (Solomon, 1955).

d1, / dt = —-p (1,—10) — o (S,— 0) and dS, / dt = -p’ (S,— 0) — 0' (I,— 0) (53)

p = U,,+2U,+U, and p’ = U,,+2U,' +U, (54)

0' = U,— U, (55)

and

U,, =W,,;W,3, U, = W,,=W,4, U, = WM and U,’ = W,,= W3, (56)

where WU, i, j = 1, 2, 3, 4, is the transition probability per unit time between the

eigenstates |i) and 1]) of the longitudinal component of the combined system of spin I and

S. p and p’ are auto relaxation rates of spin I and S, respectively. (5 is the cross-relaxation
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rate between the two spins I and S. One manifestation of the cross-relaxation is nuclear

Overhauser effect (NOE) predicted by Overhauser (Overhauser, 1953) and extended to

the case of nuclear dipolar-dipolar interaction by Bloch (Bloch, 1954). The distance

restraint used in NMR structure determination is extracted from the measurement of the

cross-relaxation rate (5 between protons by a NOESY type experiment. For a system

consisting only of two protons 'H, and 'H, their cross-relaxation rate 0’ depends on the

internuclear distance r, and the spectral densities J‘q’(0)) at two frequencies.

60118-9112) = Y4rrh2/4r" {6 J‘Z’Qwu) -J‘°’(0)} (57)

In NMR structural determination it is assumed that (3 oc l/r“ for any pair of protons in a

protein. This essentially is equivalent to the assumption of an isotropic global rotation

without internal motion. However, in reality the situation is much more complicated. The

spectral densities are related to both the global and internal motion. Moreover, global

motion is anisotropic for non-spherical molecules. For any system with three protons

sharing a common partner there exists cross-correlation (Hubbard, 1970). Other

mechanisms such as random-field may also contribute to the relaxation (Werbelow &

Grant, 1977). The compromise of extracting only distance range rather than one accurate

number from the NOESY experiment may be the best choice. However, the structures

derived in such a manner may be biased, especially for proteins with high internal

flexibility. This offers an excellent example that a clear understanding of the underlying
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physical principles is a prerequisite for the assessments of the results obtained through

NMR techniques.

Bloch phenomenological equation. The simplest classical relaxation theory (1)

was proposed by Felix Bloch in 1946 (Bloch, 1946b) based on phenomenological

arguments. It assumes that relaxation is solely determined by two distinct relaxation times

T, and T,.

Spectral density mapping. The theories outlined above correspond to the

treatment of the Brownian motion by the spectrum method. Their final results are similar:

a set of equations such as (41)—(43) relating the measurable NMR relaxation parameters

to the spectral densities of the bath at several frequencies. The equations (41)—(43) and

two similar ones for two spin relaxation are the starting point of the so-called spectral

density mapping method. The original version (Peng & Wagner, 1992) tried to determine

the spectral density at the five frequencies 0, 0),, 0),,.,, 0),, 0),” (here X represents

heteronucleus) through the measurements of both the one- and two-spin relaxation.

Modified versions dealing with the spectral density at only three frequencies have been

developed to compensate for the experimental errors at high frequencies by assuming that

J,” (0),”) z «1.0: (0)”) 2: un (0),,.,,) (Farrow et al., 1995; Peng & Wagner, 1995; Lefevre et

al., 1996), here ny (0)) is the spectral density of the X-H vector. It is true that spectral

densities at certain frequencies are the only parameters that can be directly determined by

NMR relaxation experiments at least nowadays. However, the information context about

internal motion obtained by the mapping method is very limited. Furthermore, without

resort to a certain model the result can not be correlated or compared with the

microscopic properties of the bath obtained by means of theoretical or other experimental
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methods. In fact, employing a model to describe relaxation is related to the diffusion

equation method (Wang & Uhlenbeck, 1945) for analyzing the Brownian motion. The

two methods are not completely equivalent under all circumstances but they give

identical results for the processes much longer than the correlation times characteristic of

the Brownian motion of the bath (Chandrasekhar, 1943). In contrast to the mapping

method the macroscopic diffusion constant obtained from the diffusion equation method

can be related to other microscopic quantities of the bath.

Diffusion equation method. This method assumes that NMR relaxation in liquid

is caused by the discrete random walk processes through short distances or over small

angular orientations. Passing over to the continuous case the probability distribution

satisfies a particular partial differential equation of diffusional type with certain boundary

conditions (Chandrasekhar, 1943). For a random Markofl process there exists a general

solution POT t), and a Green function P, (f,, t; f,, t+r), here P(fl t) dfis a priori probability

(at equilibrium) of findingfin the range of (t: f+ df) at a time t, and P,(f,, t; f,, t+t) d], is

the conditional probability of given f, at time t one finds f, in the range of (f,, f, + df,) a

time I later. These two probabilities are simply related

P(f,, t+r) = l P (f,, t)P,(f,, t; f,, m) df, (58)

Furthermore, lim,_,,, P,(f,, t; f,, t+t) is equal to P(f,' t) for the thermodynamic fluctuations

at equilibrium but for an irreversibility process it becomes P0,, 00) of the newly

established equilibrium state. For NMR relaxation we have P03, 00) = P( f,, t) according to
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the assumptions about the bath (31). The equivalence of the spectrum and the diffusion

equation methods is established by the following basic relationship.

Cult. t+I) = <1‘7..(t)1"“).‘(t‘1‘1)>rv = 11 PM, 0PM. tif.» t+T) 170(13)Fb'(f2)df/ dfz (59)

Motional models. As is well known both the overall and internal rotations

contribute to NMR relaxation in liquid. The overall rotation can be either isotropic or

anisotropic depending on the shape of the molecule under investigation. The internal

rotation can be either free or restricted, about one bond or multiple bonds, and the bond

can be either fixed or wobbling. A model is distinguished by the particular diffusion

equation, and by its boundary condition suggested by physical instinct and the nature of

the system. A general model appropriate for an anisotropic overall rotation, and a

restricted internal rotation about multiple wobbling bonds will be quite complicated.

Some simplifications are usually necessary for extracting the dynamical information from

NMR relaxation data.

Sphere without internal motions. The simplest model considers a protein in

solution as an isotropically rotating sphere without internal motions (Abragam, 1961). Its

correlation function C(r) is

C(T) = expf-ITl/Tc) (60)

where the parameter r, is the correlation time characteristic of the bath. The irreversibility

is encoded in the absolute value of It]. The conditional probability P(Q,, Q, r), where Q,



64

and Q are the Euler angles specifying the orientation of the molecule in a laboratory

frame, is the solution of a diffusion equation for the free Brownian rotational motion with

the initial condition (MS), 0) = 5(0 — (2,)

dry/6t = D, A,\V (61)

where D, is the rotational diffusional coefficient and A, the spherical Laplacian operator.

This diffusion equation is the special case of the more general Smoluchowski equation

with the potential V

80/8; = div[D gradw + vf" grad V] (62)

where D and f are the diffusion constant and the frictional coefficient of the rotational

motion, respectively (Chandrasekhar, 1943). The solution P(Q,, Q, r ) can be found by

first expanding w in spherical harmonics Y,’, and then substituting the result into (61).

P610. 9. I ) = 21..., YmP(Qo) Y...’ (Q) eXpl-Tl(1+1)D.] (63)

With a priori probability P(Q,,) = l/(8Tt2) the corresponding correlation function can be

obtained from P(Q,,, Q, t ) by (59).

Arbitrary shape without internal motion. The distribution function P(Q,,, Q, t)

for the overall motion of an arbitrary shaped molecule is a solution of the following
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diffusion equation for the free Brownian rotational motion with the initial condition (MO,

0) = 8(Q — 0,) (Favro, 1960),

Dry/5t = Zkak L k2‘l’ (64)

where k = x, y, z, and L,2, Lyz, L," are the components of angular momentum L. The

molecule-fixed frame with the axes x, y and z diagonalizes the diffusion tensor D, and D,,,

D, and D,, are the three principal diffusional coefficients. The solution could be obtained

similarly as before except that w is now expanded in terms of functions D’m,,(Q), which

are the elements of Wigner rotation matrix D’(Q) (Hubbard, 1970). They are the

eigenfunctions of the total angular momentum of a rigid body (Brink & Satchler, 1993).

These eigenfunctions form a complete set in the space ofEuler angles.

Pm). 0. l‘) = 2°10 (21 +1) /(87t2) tr{lexm-Q '0] 0"(00) D’(0)} (65)

The (21+!) x (21+1) real, symmetric matrix Q1 has matrix elements

Q’mn = <1ml D+ L2 + (D...— -D+)L.2 + D- (U - 14,2) |ln> (66)

where |lm> is the eigenket ofL2 and L,2 with eigenvalues I (l+1 ) and m, respectively, and

D, a 1/2 (Dni- D,,.). If one introduces the quantities



66

b... sl<l+1>D.+m2(DA..-D.) = b.-. (67)

then in the special case with axially symmetry (D_ = 0) the matrix Q1 becomes diagonal,

[Cxp(—Q l(t)]mn : 5 mn exp(—blmt) (68)

and

P(Q()' Q! t) = Elm," (21 +1) /(87'[2) [exp(—blmt)] Dlnm(00) Dlnm(Q) (69)

where summation 1 runs from 0 to +00 and m, n from —I to +1. For relaxation dominated

by the dipolar-dipolar and CSA interactions 1 is equal to 2. Isotropic rotation of a sphere

corresponds to D,,= D,,_.= D,, and (69) becomes (63). With a priori probability P(Q,,) =

1/(8112) the corresponding correlation functions can be obtained from (59).

Model with internal motion. With internal motion the solutions to the diffusion

equation become much more complicated. As the first step of simplification it is usually

assumed that the internal motion is independent of the overall rotation. This is valid for

the isotropic overall rotations of spherical molecules, and normally a good approximation

for arbitrary shaped molecules. The correlation function in the laboratory frame can be

related to that in a molecule-fixed frame diagonalizing the diffusion tensor by Wigner

rotation matrices D2 '5, since the elements of the correlation functions of most practical
"Ill

NMR systems are second-rank spherical tensors (Brink & Satchler, 1993).

CM, (0 = 2 (17.... [0(0)] D7 [0(01) (02.0. [9(0), ¢(0)] Dim [G(t), ¢(t)]) (70)



67

The summation n, n’ runs from —2 to +2. Where Q is referred to the laboratory frame and

0, d) to the molecule-fixed frame, respectively. The overall rotation is characterized by the

first average while the internal motion by the second average over a bath ensemble.

Model-free approach. One of the simplest ways to include internal motion is to

assume that the correlation function C,(t) for the internal motion can be divided into two

parts (Lipari & Szabo, 1982a, b): the average value S2 of the components of C,(t)

representing the restrictions of the internal motion, and a weighted normal correlation

function Q(t) with the properties that lim,_,,, Q(t) = 0 and Q(O) = 1 characterizing the

randomness of the motion. In other words, the average value of Q(t) is zero.

C,(t) = S2 + (1— S2)Q(t) (71)

S2 is called order parameter and equal to lim,_,,, C,(t). It does not depend on time and is

not a random function. With the assumption that the overall rotation is isotropic, and is

independent of the internal motion the total correlation firnction C(t) becomes

C(t) = C0(1) Cr(t) = [”5 CXPH /IM)] C10) (72)

where C,(t) is the correlation function for the overall motion. The corresponding spectral

density J(0)) is

J(0)) = 2S21M /5 [1+(0)t,,)2] + 2/5 (1— S2) 1,,” dt cosmt Q(t) exp(—t /r,,) (73)
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If we assume that Q(t) = exp(— t /t,) we have

J(0)) = 2/5{S"t,, / [1+(0)r,,)2] +(1— SZ) 1: / [1+(0)r)2]} (74)

where t " = 1,," + t,", and t, is defined according to r, (1— S") = 10“” (C,(t) — S2) dt. If the

internal motion is much faster than the overall motion, and lies in the extreme narrowing

range, that is, the correlation time for internal motion r, satisfies the condition 1:, << 1,,

and r, << 0), then (74) becomes

J(0)) = 2/5 {8%, / [1 +(m,)2]+( 1 —s’)r,) (75)

For internal motion much slower than overall motion we instead have

J(0)) = 2t,, /5 [1+(0)t,,)2].

Order parameter. The physical meaning of the order parameter S’ is quite clear

according to the definition of the correlation function (59). With the modified spherical

harmonics C,,,, (Brink & Satchler, 1993) substituting for the general random function in

(59) we have

82 = 11m... C(t). t; 1)... 1+1) =1im E <C2..(0,. t) €2.10.» t+r)>AvT—NX) ”I

= 2m <C2m(QI’ t) >Av <C2m.(02’ w)>Av: zm |<C2m(Q' t) >Avl2 (76)
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where the summation runs from —2 to 2, and C,,,,‘(Q,, 00) is the spherical harmonics at the

final equilibrium state reached by relaxation. We have <C,,,(Q,, t) >Av = <C,,,,(Q,, oo)>,,=

<C,,,,(Q,, t)>Av based on the assumptions about the bath introduced before (31). In terms

of the probability distribution function the order parameter S2 is

5" =1imH... 2,, 11 10(1),, t)P,(Q,, 1; (2,, 1+1) C,,,,(Q,, t) C,,,‘((2,, 1+1) do, do,

= 2,1113“), t)P,(Q,, :; (2,, oo) C,,,(Q,, t) C,,,‘((),, 00) do, do,

= 2,, {lP((),, t) C,,,(Q,, t) (10,} {l C,,,,‘((),, 1) 5(1),, t) (102}

= 2,. l{lP(Q. t) €2.02. t) dart = 2.. I<C..(n. t) >A.|2 (77)

where the relations P,(Q,, t; (2,, oo) = P,(Q,, co) = P,(Q,, t) = P,(Q,, t) = P(Q, t) of the

equilibrium distribution have been used. Therefore, S2 is nothing more than the average

value over a bath ensemble of the spherical harmonics of the Euler angles specifying the

orientation of a vector relative to a molecule-fixed frame. It is also the first nontrivial

term in the expansion of P(Q, t) in a series of Legendre polynomials (Lipari & Szabo,

1980). However, how well it represents P(Q, t) depends on how fast this series

converges. Therefore, a model is needed to establish the relationship between S2 and the

distribution of the orientation. The information context of S2 corresponds to the

description of a random process by only the first set of the probability distribution P(Q, t)

(Wang & Uhlenbeck, 1945). The conformation with high energy or rare probability is not

being sampled properly by S2. The claim that S" is insensitive to motions slower than

nanosecond is misleading. The insensitivity is not due to the time scale but due to the

energies of these conformations. Though P(Q, t) can not be easily obtained for a complex
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system such as a protein even a random Markofl process must be specified by a joint

probability or conditional probability P,(Q,, t; Q, t+r) together with the equilibrium

distribution P(Q, t).

Extension of model-free approach. For some proteins it was found that two

exponential terms instead of one were needed to fit their relaxation data by the Lipari &

Szabo approach (Clore et al., 1990). Moreover, an exchanging term R, has been added to

the transverse relaxation rate constant 1/T, to account for the contribution to it from the

possible slow motions (Kay et al., 1989; Clore et al., 1990) other than the dipolar-dipolar

and CSA interaction. The term R, is usually explained as the contribution fi'om

conformational exchanges. However, the physical meanings of these added terms are not

well defined. They are related to the diffusion tensor in some complicated ways.

Furthermore, for proteins with arbitrary shapes the total correlation function can not be

separated rigorously into an overall and an internal part. Therefore, one should always

bear in mind the range of validity of the original formalism or its extension when using it

to interpret NMR relaxation data. Recently the Lipari & Szabo approach has been

extended to the cross-correlation by several authors (Kay & Torchia, 1991; Zhu et al.,

1995; Daragan & Mayo, 1995; Daragan & Mayo; 1997). The cross-correlation is

responsible for the difference of relaxation behaviors in the two outer lines from the two

inner ones, and manifests itself through the nonexponential behavior of the relaxation. It

has been treated in detail in two reviews (Werbelow & Grant, 1977; Vold & Vold, 1978).

Restricted rotational diffusion model. Several more sophisticated models are in

vogue. The first class may be referred to as restricted rotational diffusion model

(Wittebort & Szabo, 1978, London & Avitabile, 1978). The conditional probability P(y', t
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; y, 0) of the internal rotation is the solution of one dimensional diffusion equation (NI/61

= D (fr)! /827 with the initial condition ((16), 0) = 5(0 — 9,) and the boundary condition

(hwy/61y | in. = 0, where y is azimuthal angle. The boundary condition is the mathematical

statement that the internal rotational diffusion is restricted between i7,

P(1'. t: v. 0)=1/(210){1 + 2.3 coslnn(r-ra)/2101 coslnn(7’-ro)/2)o] exr)(-t/I.)} (78)

where t, = 47,," /(Dn"1r’). With a priori probability P(Q,) = 1/(2y0) the corresponding

correlation function can be obtained from (59). With this model we can include excluded

volume effects accounting for the restricted space an internuclear vector could have to

diffuse. The Woessner model (Woessner, 1962) of free internal rotation is included as a

special case of this general model with 17,, = i180“ The model above is good for the

internal rotation about one bond. It can be easily generalized into a model for internal

rotations about N bonds (Wallach, 1967). The transformation from a frame F attached to

a nucleus whose relaxation is of interest to the laboratory frame L can be achieved by a

series of Wigner’s rotation matrix D2's with Euler angles (20,, (2,, QM, N specifying the

orientations of the successive coordinate systems.

D2q()(QLF) = 211.1),---b"D2qa(QLD)D2 (QDI)D2b,b2(QIZ)°”D26", lb" (QMN—l) D2b"0(QNF) (79)ab,

The internal rotations are usually assumed to be independent of each other in order to

simplify the problem.
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Discrete-jump model. The discrete-jump model with M configurations (Wittebort

& Szabo, 1978) tries to give a more realistic description of concerted internal rotations

with mutual dependence. It is also an extension of the Woessner jump model with only

three configurations (Woessner, 1962). The underlying mathematics is the same: the

conditional probability P(k, t; l, 0) of the side chain of a macromolecule has configuration

k at time t if it has configuration l at time 0 is the solution of the mater equation (81) with

the initial conditions (80):

P(k, t; 1, 0) = 8,, 1 = 0 and lim,_,,, P(k, t; 1, 0) = P,,(k) for all 1. (80)

dry/6t: 2M,=,R,jw (81)

where R, is the rate constant for the transition from configuration j to i with M total

available configurations. P,,(k) is a priori probability at equilibrium satisfying the

equation )3 ”1,, R, P,,(i) = 0. The solution can be obtained by matrix method, and is

expressed in terms of the eigenvectors X,'= (X,0, mX1M) and eigenvalues 1.,/s of the matrix

Q with elements Q,= (R, R1,)”.

1’09 t: 1. 0) = X110 (X10)"' 2.. X1" X1" eXP(-?~..t) (82)

whereX,0 = [P,q(k)]"'2.

Wobbling in a cone model. This model assumes that an internuclear vector is

wobbling uniformly in a cone (Kinoshita et al., 1977; Lipari & Szabo, 1980). The
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conditional probability P(Q,,; Q, t) is the solution of a diffusion equation for the free

Brownian rotational motion with the initial condition w(Q, 0) = 5(0 — Q”), and the

boundary condition 0111(0)/60 l80 = 0, here 0 is the polar angle.

80/81 =1), A,\y (83)

where D, is the diffusion coefficient of the wobbling motion. The boundary condition is

the mathematical statement that the internal rotational diffusion is restricted within a

polar angle 0,, but does not depend on the azimuthal angle. The solution could be obtained

as an expansion of associated Legendre functions. However, the resulting expressions for

P(Qo; Q, t), and consequently for the correlation function C,(t) are not closed analytic

firnctions.

CAI) = 21' Ai exp(—Dwt/o,) (84)

where A, and o, are functions of 0,. Instead an approximate expression for C,(t) is derived

which is exact at time t = 0 and t = 00 (order parameter S2), and has the property that the

area under the approximate correlation function is the same as that under the exact

correlation function.

C,(t) = .S‘2 + (l— SZ) exp (-D,1/<()> ) (85)
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where S2 = A,o and <o> = Z,“ A,o, / (l- 82). The a priori probability P(00) =

[21t(1—c030,,)]". The wobbling motion has been combined with a free rotation to give a

more realistic description of the internal motion (Richarz et al., 1980).

Intermediate and slow motions. The NMR relaxation measurement discussed

above can provide dynamical information about the fast motion on the time scale ranging

from 10"2 to 10'8 second. The motions in the intermediate time scale from microsecond

to millisecond are much more difficult to be studied by NMR. The measurement of the

exchange term R“, sensitive to motions on the microsecond to millisecond time scale,

will be discussed later. The slow motion in the time scale ranging approximately from

milliseconds to seconds gives cross-peaks between separate resonances which could be

observed in homonuclear NOESY, ROESY and in heteronuclear longitudinal

magnetization or two-spin order exchange experiments. Most of NMR techniques for

measuring intermediate or slow motions have been discussed in a recent review (Palmer

et al., 1996).

Pulse sequences for measuring NMR relaxation parameters. The 2D pulse

sequences for NMR relaxation experiments have been reviewed in a recent paper (Peng &

Wagner, 1994), and the versions with pulsed field gradients are also available (Farrow et

al., 1994). Frequently the inversion-recovery (Carr & Purcell, 1954; Vold et al., 1968)

and the Carr-Purcell-Meiboom-Gill (CPMG) (Carr & Purcell, 1954; Meiboom & Gill,

1958) techniques are used to measure T, and T,, respectively.

Mm = M0 [(1-2 eX13(-t/T1) l (86)

M“, (212:) = M, (0) exp(—2nt/T,) exp(—2y2DG2nt3/3) (87)
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where G is the gradient, D diffusion coefficient and n the number of echo. The

heteronuclear NOE enhancement is measured by steady-state NOE technique. The

experimental techniques for measuring two-spin order or antiphase coherence have also

been developed (Peng & Wagner, 1992).

These pulse sequences normally include pulses to suppress cross-correlation for

minimizing its contribution to the relaxation (Boyd et al., 1990; Kay et al., 1992; Palmer

et 1a., 1992). The interference from the chemical exchange or slow motions on the

microsecond time scale can be measured by T,p measurement (Szypersky et al., 1993) or

spectral density mapping method. The exchange term R,, manifests itself by an

anomalous decrease in T, relative to that predicted for dipolar, CSA or quadrupolar

relaxation in a free-precession NMR spectrum (the line width), or in a CPMG (Allerhand

& Thiele, 1968), or T,, experiment. In the T,p experiment R, can be identified by directly

measuring 1,, according to the equation (Davis et al., 1990, where a number of general

cases are also discussed)

Rex = (50))2 Pipe T... / (1+Texzwf) (88)

by varying the effective spinlock field 0), (Akke & Palmer, 1996). Where 80) is the

difference in chemical shift, and pA, p, are the time fractions spent in the conformation A

and B, respectively.

Thefuture ofNMR relaxation study. A more realistic model needs to be derived

from a general diffusion equation with external forces (Chandrasekhar, 1943) with the
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considerations of more relevant factors such as solvent effect and cross-correlation effect.

A unified relaxation theory is also very helpful for distinguishing and quantitating the

contributions to the total relaxation of the various internal motions on different time

scales. However, even with a quite realistic model the concerted movements of large

fragments, which may be the most important internal motions for protein functions, could

not be obtained because the dynamical information obtained from NMR experiments is

local. Certain calculation procedures need to be developed to identify the collective

motion. Most importantly, experimental techniques need to be improved or developed to

measure accurately the relaxation parameters, or to measure new relaxation parameters.

Finally, dynamical information should be combined with biochemical data to establish

the roles of internal motions in the biochemical functions of proteins.
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It has been suggested that electrostatic interactions

are critical for binding of retinoic acid by cellular reti-

noic acid-binding proteins (CRABP-I and CRABP-II).

However, the roles of two conserved arginine residues

(Art-111 and Arg-13l in CRABP-I; Arg-lll and Arg-132 in

CRABP-II) that interact with the carboxyl group of ret-

inoic acid have not been evaluated. A novel competitive

binding assay has been developed for measuring the

relative dissociation constants of the site-directed mu-

tants of CRABPs. Arg-lll and Arg-l32 of CRABP-II were

replaced with methionine by site-directed mutagenesis.

The relative dissociation constants ofR111M and R132M

“(a (aura/Ks (omen) ”“1 Ks (army/Kdicmran) were

determined to be 40-45 and 6-8, respectively. The ring

protons of the aromatic residues of the wild-type

CRABP-II and the two mutants were sequentially as-

signed by two-dimensional homonuclear NMR in con-

junction with three-dimensional heteronuclear NMR.

Detailed analysis of the nuclear Overhauser effect spec-

troscopy spectra of the proteins indicated that the con-

formations of the two mutants are highly similar to that

of the wild-type CRABP-II. These results taken together

showed that Arg-ll l and Arg-l32 are important for bind-

ing retinoic acid but contribute to the binding energy

only by ~2.2 and 1.2 kcal/mol, respectively. In addition,

the relative dissociation constant of CRABP-II and

CRABP'I (K4 (cmpJn/Kd (cmp_[)) was determined to be

2-3, in close agreement with that calculated using the

apparent K, values determined under the same condi-

tions by fluorometric titrations.

 

Retinoic acid (RA).1 a hormonally active metabolite of vita-

min A. has profound effects on cell growth, differentiation, and

morphogenesis. Two types of proteins have been found to bind

RA: nuclear retinoic acid receptors (RARs and RXRs) and cel-

lular retinoic acid-binding proteins (CRABPs). RARs and RXRs

are RA-activated transcriptional factors that regulate expres-

sion of target genes (1). Although the physiological roles of
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CRABPs are not clear at present, they are thought to be in-

volved in cellular transport and metabolism of RA (2). Two

isoforms (CRABP-l and CRABP-II) have been characterized.

Both CRABP-I and CRABP-II bind specifically to all-trans-

retinoic acid, but they differ in several respects: (i) CRABP-I

has higher affinity for RA than CRABP-II (3—6); (ii) CRABP-I is

expressed in many adult mouse and human tissues, but the

expression of CRABP-II is limited to skin (7, 8); and (iii) RA

stimulates expression ofCRABP-II but not that ofCRABP-I (8).

It appears that the two isoforms may have distinct functions.

The idea is supported by the fact that the sequence identity of

human and mouse CRABP-I (99.3%) or human and mouse

CRABP-II (93.5%) is much higher than the sequence identity

(73.7%) between the two isoforms from the same source.

CRABPs are members of a family of intracellular lipid-bind-

ing proteins that bind small hydrophobic molecules such as

retinoids and fatty acids (9). The family of proteins includes

CRABPs, cellular retinal-binding proteins, fatty acid-binding

proteins, P2 myelin protein, a mammary gland protein, and

gastropin. The structures of 11 different intracellular lipid-

binding proteins, including CRABP-I and CRABP-II, have been

determined by x-ray crystallography (9-11). Although the se-

quence identity among intracellular lipid-binding proteins is

rather low (~20%), these crystal structures are remarkably

similar with respect to backbone folding. They are composed of

two nearly orthogonally packed five-stranded B-sheets and two

short a-helices. The ligand binding pocket in each protein is

deep inside the interior of the B-barrel formed by the two

,B-sheets. The helix-turn-helix motif is located at the ligand

entrance. These proteins apparently lack a true hydrophobic

core that is important for folding and stability of many other

proteins (12).

Electrostatic interactions are thought to play major roles in

binding of RA by CRABPs because the two proteins bind only

retinoic acid but not retinol and retinal. 'IVvo arginine residues

(Arg-lll and Arg-131 in CRABP-I; Arg-lll and Arg-l32 in

CRABP-II) have been identified by crystallography to interact

with the carboxyl group of the bound RA (10). However, previ-

ous site-directed mutagenesis studies suggest that both Arg-

111 and Arg-131 are critical for CRABP-I to bind RA (13) but

that only Arg-132 is important for CRABP-II to bind RA (14).

Because of the limitations of the current methods for meas-

uring RA binding, the dissociation constants of the critical

mutants have not been measured. Furthermore, the conforma-

tions of the CRABP-I mutants have been characterized only by

CD, and the conformations of the CRABP-II mutants have not

been characterized. Thus, the contributions of the electrostatic

interactions between the arginine residues and RA to binding

are still uncertain.

We are interested in studying the quantitative structure-

function relationships of CRABPs with respect to binding of
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RA. In this paper, we report a novel competitive binding assay

developed for measuring the dissociation constants of the site-

directed mutants of CRABPs. We have used the novel method

to evaluate the contributions of both Arg-lll and Arg-132 of

CRABP-II to binding of RA in conjunction with site-directed

mutagenesis and NMR. The results show that like CRABP-I,

both Arg-lll and Arg-132 in CRABP-II are important for bind-

ing of RA, contrary to the results of Chen et al. (14). However,

Arg-lll and Arg-132 contribute to the overall binding energy

only by ~2.2 and 1.2 kcal/mol, respectively.

EXPERIMENTAL PROCEDURES

Materials—Nonredioactive RA was purchased from Sigma. [11,12-

’H]RA was purchased from DuPont NEN. A DNA sequencing kit was

obtained from US. Biochemical Corp. Enzymes for recombinant DNA

experiments were purchased from Life Technologies. Inc., or New Eng-

land Biolabs. Other chemicals were analytical or reagent grade from

commercial sources.

Cloning and Expression—The cDNAs encoding human CRABP-I and

CRABP-II were kindly provided by Dr. Anders Astrom (8). 'lhe genes

were subcloned into the expression vector pET-17b (Novagen) by po-

lymerase chain reaction. The primers for polymerase chain reaction

were: 6’-GGAA'!'1‘CCATATGCCCAAC’I'I‘CGCCGGC-3' (forward,

CRABP-l), 5‘-CGGGATCCTCATI‘CCCGGACATAAATI‘C-3' (reverse,

CRABP-I), 5‘-CGGGATCCATA'I‘GCCAAAC'ITCTCTGGCAACTG-3'

(forward, CRABP-Il), and 5'-GGAA'I'I‘C’I‘CAC'I‘CTCGGACGTAGAC-3'

(reverse, CRABP-II). To ensure that there were no undesired mutations

in the amplified genes, they were sequenced by double-stranded DNA

sequencing from both orientations. The expression constructs were then

transformed into the bacterial strain BL21(DE3)pLysS (15). The trans-

formed bacterial cells were grown at 37 'C in a LB agar plate containing

both ampicillin (100 ng/ml) and chloramphenicol (25 pg/ml). Expression

of CRABPs was verified by growing the colonies in 5 ml of LB medium

followed by induction with isopropyl-l-thio-R-Ltge' ‘ r, " and

SDS-polyacrylamide gel electrophoresis of the harvested cells.

Site-directed Mutagenesis—The oligonucleotides for making human

CRABP-II mutants were 5'-TCGTGGACCATGGAACTGACCA-3'

(R111M) and 5'-GTGTGCACCATGGTCTACGTC-3' (R132M). The mu-

tants were generated by the method of Kunkel (16) and screened by

DNA sequencing. In order to ensure that there were no unintended

mutations in the mutants, the entire sequences of the mutated genes

were determined.

Protein Purification—All proteins were purified by the same proce-

dure as described below. 100 ml of LB medium containing 100 uglml of

ampicillin and 25 rig/ml of chloramphenicol was inoculated by a small

piece of a frozen seed culture and incubated at 37 'C with vigorous

shaking (200 rpm) overnight. It was then used to inoculate 4 liters ofLB

medium containing both antibiotics and grown at 37 'C. When Am of

the culture reached 0.6-0.8. isopropyl-1-thio-fi-D-galactopyranoside

was added to a final concentration of 0.4 mu. The culture was allowed

to grow further at 30 'C for 3-5 h. The bacterial cells were then har-

vested by centrifugation and suspended in 100 ml of buffer A (10 mil

Tris-HCl. 1 ma dithiothreitol, pH 8.2). The suspension was aonicated on

ice and centrifuged (27,000 x g) at 4 'C for 30 min. The supernatant

was applied to a DEAE-cellulose column equilibrated with the same

buffer. The column was washed with buffer A until Am of the eluent

was less than 0.05. Elution of the column was achieved by a linear NaCl

gradient (0—200 ml in buffer A) and monitored by A,” and 15%

SDS-polyacrylamide gel electrophoresis. The fractions containing

CRABP were pooled and concentrated by an Amicon ultrafiltration cell

using a YM 10 membrane. The concentrated protein solution was cen-

trifuged (27,000 x g) for 20 min. The supernatant was loaded onto a

Sephadex G-50 column equilibrated with phosphate-buffered saline (4

mm NaH,P0.. 16 mil Na,HPO., 150 mM NaCl. pH 7.3) and eluted with

the same buffer. The fractions containing CRAB? were located byA,.o

and 15% SDS-polyacrylamide gel electrophoresis. The fractions of

greater than 99% purity were pooled and concentrated. The protein

solution was dialyzed against double-distilled water and lyophilized.

Fluorometric Titration—Fluorescence binding assays were carried

out by a procedure modified from that of Cogan et at. (17) using a

Hitachi 4500 fluommeter. Briefly, CRABPs were dissolved in phos-

phate-buffered saline. The concentrations of the protein stock solutions

were measured by Am. The absorption coefficients used were 19,868

11“ cm" for CRABP-I and 19,480 M" cm‘l for CRABP-II determined

by the method ofGill and Hippel (18). RA stock solutiOns were prepared

in absolute ethanol. The concentrations of the RA stock solutions were
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determined by A,“ using the absorption coefficient of45,000 It" cm".

The final ethanol content for each titration was kept less than 2%. The

samples were excited at wavelength of 283 nm with a slit width of 2.5

nm. The emission wavelengths were 330 nm for CRABP-I and 338 nm

for CRABP-ll with a slit width of 20 nm. The excitation shutter was

closed between measurements. The inner filter effects were not cor-

rected because they were negligible at the protein and RA concentra-

tions we used in the experiments. The data were analysed by nonlinear

least square fit to Equation 1.

F 1 (F. l)x(P,+R,+K,,—JP,+R,+K4)’-4P,R,

r,‘ + 5‘ 2?.

 

 
) (Eq. 1)

where F is the observed fluorescence, I", is the fluorescence ofthe bound

CRABP. F,is the fluorescence of the free CRABP. P, is the total protein

concentration, and R, is the total RA concentration.

Competitive Binding Assay—The assay was carried out in a Spectral

Por equilibrium dialyzer at room temperature. The two compartments

ofeach dialysis cell were separated by a semipermeable membrane with

a molecular mass cut-off of 6—8 kDa. One compartment was filled with

the wild-type CRABP-II (1 ml). and the other was filled with a

CRABP-II mutant or the wild-type CRABP-I. The buffer used was

phosphate-buffered saline plus 5 mil dithiothreitol. An equal amount of

[’HIRA (100 nu) was added to each compartment. The protein concen-

trations in both compartments were much greater (at least 20-fold) than

the RA concentration. 100 iii of samples was taken from the two com-

partments after various times of incubation at room temperature,

mixed with 5 ml of scintillation fluids, and counted by a liquid scintil-

lation counter. The equilibria in the two compartments that contained

the wild-type CRABP-II and mutant proteins can be described by Equa-

tions 2 and 3 (similar equations can be written for CRABP-I and

CRABP-II).

[WTIRA]
Km "W “5“. 2’

IM'I‘ RA

Klilfl‘l . [MT F RAll (Eq. 3)

where WT. MT, WT-RA, and MT-RA represent the wild-type CRABP-II.

a CRABP-II mutant, and their RA complexes. respectively. Therefore.

£419 .. L______MI I w I'm
Km—n [WTIMT ' RA]

Since the concentrations of the proteins were much greater than their

respective dissociation constants and the concentration of RA, [WT] ~

lw'rlm... [MT] ~ 1mm... [WT'R-Al » [RA]. and [MT'RM >9 [RAJ-

'Ihen the relative dissociation constant can be calculated by Equation 6,

to...“ .. [muses-.- (Eq 5)

ann [WTliaoCirr '

where Cw... and Cm. are the measured radioactivities of the two com-

partments containing the wild-type CRABP-Il and the mutant, respec-

tively. It turned out that the system could not reach equilibrium in 2

days, presumably because of few free RAs in solution to diffuse across

the membrane. Since RA is not stable even in the dark, the assay was

redesigned to match the equilibrium conditions by varying the ratio of

the protein concentrations of the wild-type and the mutant ([MTIWJ

lWT],,,.,). Thus, the concentration of the mutant was varied while

keeping the concentration of the wild type at ~2 par. Initially, the

concentration of the mutant was increased in an exponential manner

(e.g. 2. 20, 200 nM). Then it was varied in a small range. Since an equal

amount of RA was added to the two compartments of the dialysis cell,

the two compartments should have the same RA concentration and

radioactivity at the beginning of the assay. If [M'l‘l,,,,,,..l[lr\i'1‘1,.,,.| e

K.,,myxd mm, there would have a net transfer of RA across the semi-

permeable membrane separating the two compartments. Thus, the

radioactivity counts of the two compartments (CW,- and Cm) would

differ after incubation for a certain period. When [M'I‘lm/Ml‘lw <

anr/“nwn- then er ‘ Cm > 0- When maul/masts! > Kenn-l

Karma then er ‘ Csrr < 0- When [WWW] ' Kaiser/Kan?»

than Cm " Cm - 0.

NMR Spectroscopy—All NMR measurements were performed at

32 'C on a Varian VXR-500 spectrometer operating at a proton fre-

quency of 500 MHz. The proteins were dissolved in 20 mil sodium

phosphate. pH 7.5 (direct pH meter reading), 100 mu NaCl. 6 mu

dithiothreitol in D20. The protein concentration was ~2 mu. The spec-

(Eq. 4)
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tral width was 7200 Hz. For wild-type CRABP-II, one phase-sensitive

DQF-COSY spectrum (19), two MLEV-17 clean TOCSY spectra (20-22)

with mixing times of 20 and 40 ms and one NOESY spectrum (23. 24)

with a mixing time of 150 ms were acquired. For RlllM, one DQF-

COSY spectrum, three TOCSY spectra with mixing times of 20, 40. and

75 ms and one NOESY spectrum with a mixing time of 150 ms were

acquired. For R132M, one TOCSY spectrum with a mixing time of40 ms

and one NOESY spectrum with a mixing time of 150 ms were acquired.

All of the spectra were acquired in the hypercomplex mode with stand-

ard phase cycling schemes. The data were usually acquired with 2048

complex points in the t2 dimension and 256 complex points in the t1

dimension. 96 transients were collected for each FID. Data processing

was performed on a Sun Sparc 10 station using VNMR software from

Varian. The time domain data were zero-filled once and multiplied by

shifted sine bell or Gaussian functions before Fourier transformation in

both dimensions. Base lines were corrected in t2 dimensions using a

5-order polynomial. Chemical shifts were referenced to internal sodium

3-(tn'methyl silyl)-propionate-2,2,3,3-d..

RESULTS

Fluorometric Titration—Probably because of the simplicity

of the method. fluorometric titration has been frequently used

for measuring the affinities ofCRABPs for RA. However, there

are large discrepancies in the K., values obtained by the

method. These could be due to variations in the assay method-

ology and/or conditions. Some problems with the method have

been recently discussed (2, 4, 6). In order to compare the ligand

binding properties of CRABPs under the same conditions, we

carried out fluorometric titration experiments. The results are

shown in Fig. 1. The apparent K, values obtained by nonlinear

fitting were 0.63 an for CRABP-I and 1.9 an for CRABP-II.

While our work was in progress, Norris et al. (6) reported the

apparent Kd values of mouse CRABPs measured by an im-

proved fluorescence titration method. The major changes were

the lowering of protein and RA concentrations and the use of

nonlinear least square fitting for data analysis. These modifi~

cations were in line with our approach. Our fluorometric titra-

tion data were analyzed by nonlinear least square fitting. The

protein concentrations we used in the assays (~50 nM) were the

lowest among those used in previous studies except those of

Norris et al. (6). We did not include the additive gelatin used by

Norris et al. (6) in the assays. The apparent Kd values deter-

mined by us are in close agreement with those (0.4 all for

CRABP-I and 2 nu for CRABP-II) reported by Norris et al. (6).

Competitive Binding Assay—In order to measure the affini-

ties of the mutants of CRABPs for RA, we developed a novel

competitive binding assay. We first used the method to meas-

ure the relative affinity ofCRABP-I and CRABP-II for RA. The

result is shown in Fig. 2A. When the ratio of the concentrations

ofthe two proteins ([CRABP-IH/[CRABP—Il) was 52, there was

a not transfer of RA from the compartment containing

CRABP-II to the compartment containing CRABP-I. When the

ratio of the concentrations of the two proteins was 23, there

was a net transfer of RA from the compartment containing

CRABP-I to the compartment containing CRABP-II. As de-

scribed under “Experimental Procedures,‘ the relative Kd ofthe

two proteins lies between the points with opposite net trans-

fers. Thus the Kd of CRABP-II relative to that of CRABP—I

(K.,(CRABP-IIVKJCRABP-D) is 2—3. It is in close agreement

with the results of the fluorometric titration studies. We then

used the competitive binding assay to measure the K, values of

RlllM and R132M relative to that of the wild-type CRABP-II.

The results are shown in Fig. 2 (B and C). In the case ofR111M

(Fig. 28), there was a net transfer ofBA from the compartment

containing R111M to the compartment containing the wild-

type CRABP-II when [R1 11Ml/[WTl s 40. When [RlllMIIIWT]

z 45, there was a net transfer of BA from the compartment

containing the wild-type protein to the compartment contain-

ing RlllM. Therefore, the relative affinity of R111M for RA
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Fla. 1. Fluorometric titration of wild-type CRABP-I (A) and

CRABP-II (B). The concentrations ofCRABP-I and CRABP-II were 40

and 50 mt. respectively.

(Kd‘RI‘lu/de is 40-45. As shown in Fig. 20, the relative

affinity of R132M for RA (Kama/Kay") is 6—8.

Sequential Resonance Assignment of the Ring Protons ofthe

Aromatic Residues ofthe Wild-type CRABP-II and Site-directed

Mutants—Since perturbations in the ligand binding property of

a mutant may be due to conformational changes caused by the

mutation (25), we characterized the conformations of the mu-

tants by NMR. A prerequisite for NMR structural analysis is

sequential resonance assignment. Currently, we are in the

process of making total sequential resonance assignments of

the wild-type CRABP-II and R111M by multidimensional

multinuclear NMR. We have sequentially assigned the ring

protons of aromatic residues of the wild-type and mutants

based on the homonuclear two-dimensional NMR (DQF-COSY,

TOCSY, and NOESY) and heteronuclear three-dimensional

NMR.3 The chemical shifts of the ring protons are listed in

Table I. The sequential resonance assignment is labeled in Fig.

3 for R132M. In comparison with the chemical shifts of the

wild-type ring protons, there are quite a few chemical shift

changes in the ring protons of the mutants. Some chemical

shift changes can be easily rationalized, while the causes for

other chemical shift changes are not obvious. For example, the

guanidino group of Arg-l32 stacks on the aromatic ring of

 

' L. Wan. Y. Li, and H. Yan, unpublished results.
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[CRABP-lMCRABP-l] [anmylaneP-n] [R132M1/[CRABP-ll]

Fla. 2. Competitive binding assays for measuring the relative dissociation constants ofCRABP; The relative radioactivity inA is the

radioactivity count of the compartment containing CRABP-l minus that of the compartment containing CRABP-II. The relative radioactivity in B

is the radioactivity count of the compartment containing CRABP-ll minus that of the compartment containing RlllM. 'lhe relative radioactivity

in C is the radioactivity count of the compartment containing CRABP-Il minus that of the compartment containing R132M.

TAB

Chemical shifts of the ring protons of the aromatic residues

is I

of wild-type CRAB? II, RIIIM mutant. and R132M mutant

The underlined values are the mutant resonances that differ by >0.02 ppm from the corresponding resonances of the wild-type CRABP-II.

 

 

 

Residue mm”. omen mm mm

Phe-3 7.60‘ 7.34‘ 7.52‘ ‘L§_1‘ fl 1146‘ 7.60- my 7.52‘

Phe-15 7.42- 7.02‘ 7.11‘ 7 39- LB" 110‘ 7.40- 1._1_1‘ 7.11c

Phe-50 6.66' 7.26‘ 6.99‘ 6.68' 7.24‘ 6.99‘ 6.64- 7.240 6.99'

Pin-66 6.42- 6.70‘ 6.48‘ §-3_§‘ 6.70‘ 6.44‘ 6.42‘ 6.69“ w

Rho-71 7.48‘ 7.00‘ 6.70‘ 7 44- 6.99‘ m 7.48‘ 7.00‘ 6.69‘

I‘m-.51 7.12‘ 6.79' 7.124 6._74_r 7.134 6.78‘

Tyr-l34 6.98“ 6.65‘ 7.006' §.8_6‘ 7.034 w-

Trp-‘l 7.25! 7.00! 7.41‘ 7.30‘ g_._2_2_’ 6.99' 7.39'. 7.29" 7.25! 6.99' 7.43‘ 730‘

W7 aw 7.13I 7.39‘ 7.80‘ s 16’ M 7.39‘ 116‘ 8.17’ L9? 7.39“ 7.80‘

Trp-B'l" 8.07’ 7.05! 7.38‘ 7.76‘

Tip-109 7.0V 6.53‘ 6.61h 6.87‘ 'L_l’ m 6.59" 6.89‘ 7.09’ 6.52' 6.61“ 6.87‘

 

'" 2.68. 3.5K, and 4B of phenylalanine, respectively.

"‘ 2.6K and 3.5}! of tyrosine, respectively.

"‘ 4H. 5H. 6H, and 7B of tryptophan. respectively.

’ Tip-87 has two sets of resonances because of conformational heterogeneity.

Phe-15 and is hydrogen-bonded to the hydroxyl group of 'lyr-

134 in the crystal structure of the wild-type CRABP-II (10).

Removal of the guanidino group is likely to be the cause for the

chemical shift changes in Phevl5 and 'l‘yr-134 of R132M. The

crystal structure also reveals that the guanidino group of Arg-

lll interacts with Trp-109 through an amide/aromatic-ring

hydrogen bond (10). Thus, removal of the guanidino group of

Arg-lll may cause the chemical shift changes in M109 of

RlllM. Some small chemical shift differences may result from

changes in pH, temperature. and other conditions. They are not

necessarily indicative of conformational changes. Conforma-

tional changes are best characterized by analysis of NOESY

spectra as described below. Interestingly, 4H and 7H of the

Trp—87 ring protons in R132M have two sets of NMR signals

(Fig. 3). indicating that there is localized conformational het-

erogeneity and that the m ring is in two distinct conforma-

tional states. The lifetimes of the two conformational states are

at least 50 ms. The ratio of the pepulations in the two states

(major and minor forms) is about 4:1. iii of the Tip-87 ring

protons in the wild-type protein and RlllM also show two

distinct resonance signals (data not shown). indicating that the

two proteins also have localized conformational heterogene-

ities. The lifetimes of the two conformational states are at least

40 ms in the wild-type protein and at least 33 ms in RlllM.

The ratio of the major and minor forms is about 3:1 in the

wild-type protein and about 4:1 in RlllM. Conformational

dynamics may be important for RA to get into the deep binding

pocket of the protein. However, Trp-87 is not at the RA-binding

pocket and is far away from the ligand entrance. The functional

significance of the conformational heterogeneity is not clear.

Conformational Comparison of the Wild-type CRABP-ll,

RIIIM, and R132M—The aromatic-aromatic NOEs are shown

in the lower panels of Fig. 4 (wild-type CRABP-ll). Fig. 5

(RlllM). and Fig. 6 (R132M). Some aromatic-aliphatic NOEs

are shown in the upper panels of the figures. Interresidue

NOEs are labeled, because they are indicative of the conforma-

tion of a protein. The interresidue NOE peaks of the three

proteins are the same except for some minor variations in peak

intensity. The observed NOEs are also consistent with the

atomic distances measured from the coordinate of the crystal

structure ofCRABP-II complexed with RA. The identities ofthe

aliphatic protons shown in the upperpanels ofthese figures are

not known at present. However, qualitatively, the three pro-

teins have very similar aromatic-aliphatic NOE patterns. The

results of the NOESY analysis suggest that the conformations

ofRlllM and R132M are highly similar to that ofthe wild-type

protein. Thus. the decreases in affinity for RA of the two muo

tants are most likely due to the disruption ofthe interactions of

the arginine residues with RA by mutagenesis. Arg-lll and

Arg-132 contribute to the binding energy by ~2.2 and 1.2

kcal/mol, respectively.

DISCUSSION

Competitive Binding Assay—Two types of methods have

been in general use for measuring binding of RA to CRABPs:

fluorometry and radiometry. The radiometric method involves
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FIG. 3. TOCSY spectrum of the aromatic protons of R132M at

32 '0 showing two sets of resonances for e mixing time

was 40 ms. All of the cross-peaks have been sequentially assigned. The

chemical shifts of the resonances are listed in Table I.

separation of bound from free RA by dextran—coated charcoal,

gel filtration, and other means. Substantial loss of bound li-

gand during the separation process makes the method unsuit-

able for measuring the dissociation constants of site-directed

mutants with greatly decreased affinity for RA. The very lim-

ited solubility of RA in water (~200 nM) (26) also makes the

fluorometric method inapplicable for determining the dissocia-

tion constants of these mutants. Studies of the quantitative

structure-function relationships of CRABPs have been ham-

pered by the lack of methods for measuring the affinities of

site-directed mutants for RA (13, 14). We have developed a

novel competitive binding assay for measuring the affinities of

site-directed mutants for RA relative to that of the wild-type

CRABP. The essence of the method is to monitor the competi-

tion between a mutant and the wild-type protein for binding of

limited RA. The method uses an equilibrium dialyzer. The two

compartments of each dialysis cell are filled with the wild-type

and mutant proteins, respectively. The absolute concentration

of RA is not important as long as the concentration of free RA

is much smaller than that of bound RA. There is no need to

separate bound from free RA by dextran-coated charcoal. gel

filtration, and other means. The transfer of RA fi'om one com-

partment to the other is determined by measuring the radio-

activities of the samples taken from the two compartments.

The direction of the net transfer is dependent on the relative

affinity of' the proteins and the ratio of the protein concentra-

tions of' the two compartments. If the solubility of a mutant is

the same as that of the wild-type CRABP-II (~2 mM). then the

ratio of the concentrations ofthe wild-type and mutant proteins

can be varied by more than LOGO-fold. and a relative K.,, of as

large as 1000 (Kd(M'l'/Kd(w1‘) = 1000) can still be measured by

the method. More importantly. determination of the relative

dissociation constant of a point mutant is sufficient for estimat-

ing the energetic contribution of the amino acid residue to

ligand binding (AAG= RTln(Kd (MT/KdflVT)

In addition to vitamin A, many other hydrophobic molecules

such as vitamin D and steroid hormones play vital roles in a

variety of cellular processes. Studies of the stmcture-function

relationships of the receptor proteins for these bioactive hydro—

phobic molecules are of fundamental interest and biomedical
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FIG. 4. Parts of the two-MHz NOESY spectrum of the wild-type

CRABP-II at 32 ‘C. The mixing time was 150 ms. Only the intensel-

due NOEs are labeled. The identities of the NOEs are as follows. A,

Phe-65 2,6H to Phe-71 2,6H; 8, Phe-65 2,6H to Phe-71 3,5H; C, Phe-65

4H to’l‘rp-1096;H D.4i’he‘i-SS 3,6H99to'l‘I-p~106;l-l E, Phe—BO 2,6Hto

87 7H; F, Phe-71 to-Trp109 7H; G, Rho-65 4H to 'l‘rp-109 7H;

H, Phe-65 2.6H to 'l‘rp-109 7H; 1. Phe-60 3.5H to Phe-65 4H; J, 'l‘rp-8'I

5H to Phe-3, ~

'l‘rp-;877HM,Phe-504Hto'l‘rp—87H?;,N

Phe-50 2,6H to 'I‘rpv87 6H; P. Phe-502,6H to F3—2.6H; Q, 'IYp-S‘ISH

Phe-3 2.6H; R. Phe-S Hi to ’l‘rp-87

significance. The method can also be used for measuring the

relative dissociation constants of the site-directed mutants of

these important proteins and may facilitate these studies.

Relative Afl'inity of CRABP-I and CRABP-II for RA—

CRABP-I and CRABP-II differ in affinity for RA, expression

pattern, and regulation. Although it is generally accepted that

CRABP-I has a higher affinity for RA than CRABP-II. it has

been difficult to determine precisely the relative affinity of the

two proteins. A wide range of apparent Kd values have been

reported. The apparent K., values for purified CRABP-I are in

the range of 0.4-39 nM (4—6, 13. 27-29). The apparent Kd

values for purified CRABP-II are in the range of 2-64 nu (3-6,

14). The best estimation of" the relative affinity of the two

proteins for RA was made by Fiorella et al. (5). In their study,

RA was first incubated with CRABP-II and then mixed with

CRABP-II. The proteinRA complexes (CRABP-I--RA and

CRABP-II~RA) were separated by chromatof‘ocusing. The result

indicated that CRABP-II has about 3-fold lower affinity for RA

than CRABP-I. More recently, Norris et al. (6) compared the

affinities of CRABP-I and CRABP-II for RA by fluorometric

titration under the same conditions. The results showed that
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FIG. 5. Parts of the GOO-MHz NOESY spectrum of 3111M at

32 ‘C. The mixing time was 160 ms. Only the interresidue NOEs are

labeled. The identities of the N036 are given in the legend to Fig. 4.

0.0 0.3

CRABP-I has 4~fold higher affinity for RA than CRABP-II

(although a 10-fold stronger affinity of CRABP-I for RA, com-

pared with CRABP-II, was stated in the paper. apparently due

to an error in calculation). The apparent dissociation constant

or CRABP-II relative to that Of CRABP-I (K4 (cmp.u/

Kama-n) is 3, based on our fluorometric measurements. The

results of our competitive binding assays indicated that the

relative apparent dissociation constant of CRABP—II

(K4 (CRABPoll/Kd(cmP-D) is “.1118 mats Ofour fluorometric

measurements and competitive binding studies are in close

agreement. They are also in line with the results of Fiorella et

al. (5). The relative affinity of CRABP-I and CRABP-II meas-

ured by Fiorella et al. (5) may be the upper limit, because some

RA bound to CRABP-Il could be preferentially lost during

separation of the protein'RA complexes by chromatofocusing.

The difference in affinity for RA between CRABP-I and

CRABP-II is rather small (1-2-fold).

Both Ami-111 and Amt-132 of CRABP-II Are Important for

Binding of RA—Arg-lll, Arg-132, and 'l‘yr-134 of CRABP-II

have been predicted to be involved in binding ofRA on the basis

of homologous modeling (13, 30, 31). The crystal structure of

CRABP-II in complex with RA reveals that one of the carbox-

ylate oxygens ofRA is hydrogen-bonded to the guanidino group

Arg—132 and the hydroxyl group of 'l‘yr-134, and the other

carboxylate oxygen of RA interacts with Arg-lll via a water

molecule (10). We have substituted Arg-lll and Arg-l32 with

methionine. Our biochemical and structural characterizations

show that guanidino groups ofArg-lll and Arg-132 contribute

to the binding energy by ~2.2 and 1.2 kcal/mol, respectively.

The results indicate that both Arg-lll and Arg-132 are indeed
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FIG. 6. Parts of the 50cm: NOESY spectrum of R132M at

32 'C. The mixing time was 150 ms. Only the interresidue NOEs are

labeled. The identities of the NOEs are given in the legend to Fig. 4.

involved in binding ofRA and that Arg-lll contributes more to

the binding energy than Arg-132. Fluorometric titration also

suggests that R132M has higher afiinity for RA than RlllM

(data not shown). Zhang et al. (13) have replaced the corre-

sponding residues in CRABP-I with glutamine (RlllQ and

R131Q). Quantitative comparison of our results with those of

Zhang et al. (13) is not possible, because the dissociation con-

stants of their mutants have not been determined. Qualita-

tively, the ligand binding properties ofour mutants are similar

to those of the corresponding CRABP-I mutants. Zhang et al.

(13) observed that both the wild-type CRABP-I and R131Q can

induce CD ofRA in the wavelength range between 320 and 360

nm, but R111Q cannot induce the CD signal. The results ofthe

CD experiments with CRABP-I are consistent with our meas-

urements ofthe energetic contributions ofArg-lll and Arg-132

to the binding of RA. Chen et al. (14) have mutated Arg-lll of

CRABP-II to alanine (R111A) and Arg-132 of CRABP—II to

alanine and glutamine (R132A and R132Q). In contrast to our

R111M mutant, the apparent dissociation constant of their

R111A mutant is very similar to that of the wild-type

CRABP-II (only 50% higher than that of the wild type). The

causes of the discrepancy are not clear, but several possibilities

can be ruled out. (i) It is unlikely that there are mutations other

than substitution of Arg-lll with a methionine in our R111M

mutant. We have sequenced the entire gene after mutagenesis

and subcloning into the expression vector. (ii) Steric hindrance

is unlikely to be the cause, because the side chain ofmethionine

is smaller than that of arginine. (iii) Although small conforma-

tional changes cannot be ruled out, NMR characterizations

suggest that R111M is properly folded, and its conformation is
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very similar to that of the wild-type protein. Furthermore,

RlllM has been crystallized. The preliminary crystal struc-

ture at 2.2-A resolution shows that the structure of RlllM is

indeed very similar to that of the wild-type protein.3 The ligand

binding property of our R132M mutant is qualitatively similar

to those of the R132A and R132Q generated by Chen et al. (14).

However, quantitative comparison is again not possible, be-

cause the apparent dissociation constants of the two mutants

have not been determined.

The results of our mutagenesis studies appear to be partly

inconsistent with the crystallographic data. The crystal struc-

ture of holo~CRABP-II suggests that Arg-132 interacts directly

with the carboxyl group ofRA. whereas the interaction between

Arg-lll and the carboxyl group of RA is mediated by a water

molecule (10). Our results agree with the crystallographic ob-

servation that both Arg-lll and Arg-132 are involved in bind-

ing of RA. However, in contrast to the crystallographic data,

our mutagenesis results indicate that Arg-lll is more impor-

tant than Arg-132 for RA binding. But this is not necessarily

inconsistent with the crystallographic studies. Since Arg-132

and Tyr-134 are hydrogen-bonded to the same carboxylate ox-

ygen of RA, the loss of the hydrogen bond between Arg-132 and

RA in R132M may be partially compensated by the interaction

between Tyr-l34 and RA. On the other hand, the other carbox-

ylate oxygen of RA only interacts with Arg-lll (albeit via a

water molecule), the loss of the interaction in RlllM may not

be compensated. Alternatively, in solution, the position of the

carboxyl group of the bound RA may be slightly different from

that observed in the crystals. It is noted that the RA binding

cavity is much larger than necessary to accommodate the li-

gand, and a large portion of the deep binding cavity is not

occupied by RA. It appears that the fi-ionone ring of the bound

RA is well fixed, but the isoprene tail and carboxyl group have

room to move. The guanidino group of Arg-lll could be closer

to the carboxyl group of RA than to that ofArg-132 in solution.

Solution NMR study of holo-CRABP—II is in progress.

CRABPs have very stringent retinoid specificity (2). The

proteins bind only RA and reject both retinol and retinal. On

the other hand, cellular retinol-binding proteins bind both ret.

inol and retinal and reject RA. Amino acid sequence analysis

reveals that the two conserved arginine residues in CRABPs

are replaced with glutamine in cellular retinal-binding pro-

teins. It has long been thought that the electrostatic interac-

tions between the guanidino groups of the two conserved argi-

nine residues and the carboxyl group of RA play major roles in

binding of RA (31). Our mutagenesis studies indicate that

Arg-lll and Arg-132 are indeed involved in RA binding, but

 

’ Ji, K., L. Wang, Y. Li, and H. Yan, unpublished results.
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the electrostatic interactions between the guanidino groups of

Arg-lll and Arg-132 and the carboxyl group of RA contribute

to the overall binding energy only by ~2.2 and 1.2 kcal/mol.

Thus, amino acid residues that interact with the hydrophobic

moiety of RA may be more important for binding of RA.
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CHAPTER 3

Solution Structure of Type-ll Human Cellular

Retinoic Acid Binding Protein by NMR

Introduction

One of the key questions concerning the family of iLBPs including CRABPs is

how the ligands get in and out of their respective binding pockets, since they are

encapsulated by the B-sheets and helix-turn-helix motif in most cases. The crystal

structures of holo-CRABPI and holo-CRABPII (both in complex with all-trans-RA) have

been determined (Kleywegt et al., 1994). In each structure, RA is buried deeply in the

RA-binding pocket, with its carboityl group interacting with the side-chains of two

arginines and one tyrosine at the bottom of the pocket. The B-ionone ring which is fixed

snugly at the entrance of the RA-binding pocket with only one edge of the ring accessible

to the solvent, is forced to adopt an unusual cis—like conformation. It appears that RA

cannot enter or exit the deep binding pocket in the absence of major conformational

changes in the protein.

More recently, the crystal structure of apo-CRABPI has been solved (Thompson
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More recently, the crystal structure of apo-CRABPI has been solved (Thompson

et al., 1995). The ligand entrance of apo-CRABPI is slightly more open than that of holo-

CRABPI and thus a bit more accessible to RA. Surprisingly, apo-CRABPI is a dimer in

the crystalline state, held together by an intermolecular B-sheet. Dimerization has been

suggested to be the mechanism that allows RA to enter or exit the RA-binding pocket and

by which CRABPI interacts with RA-metabolizing enzymes such as cytochrome P4503.

However, it is unclear whether apo-CRABPI is dimeric in solution. CRABPI has been

studied by NMR (Rizo et al., 1994), but no solution NMR structure has been reported.

In this chapter, the solution structure of human apo-CRABPII determined by

NMR spectroscopy is described. The sequential assignments of the 1H, 13C and ”N

resonances of apo-CRABPII were established by multinuclear multidimensional NMR

experiments. The solution structure of apo-CRABPII was derived from 2,382

experimental NMR restraints. The solution structure of apo-CRABPII is similar to the

crystal structure of holo-CRABPII, but significant conformational differences were

observed, especially in the ligand entrance region. In comparison to holo-CRABPII, apo-

CRABPII exhibits a concerted movement of the second helix, the BC-BD loop and the

BE-BF loop, so that the ligand entrance of apo-CRABPII is greatly enlarged and readily

accessible to RA. Furthermore, the ligand-binding pocket of apo-CRABPII is rather

disordered. The results suggest that binding of RA induces significant changes in the

conformation and dynamics of CRABPII.
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Experimental Procedures

Sample preparation. ['3C] Db-glucose, ISNH4C1, ['SN]-leucine and ['SN]-va1ine

were purchased from Cambridge Isotopic Laboratories. Unlabeled amino acids and other

compounds were purchased from Sigma (St. Louis, Missouri).

Human CRABPII gene was over-expressed and the unlabeled protein was purified

as detailed in Chapter 2. The same procedure was used for isotopic labeling of CRABPII

except for some minor modifications as described below. M9 medium was used for the

uniform isotopic labeling of CRABPII with 15NH4C1 and ['3C] Dé-glucose as the sole

nitrogen and carbon sources for 15N- and 13C~-labeling, respectively. For 15N--labeling of

leucine and valine residues, a rich medium containing [”NJ-valine or ['SN]-leucine was

used (Muchmore et al., 1989). The E. coli strain DL49PS pLysS (kindly provided by Dr.

David M. LeMaster) was used for the selective isotopic labeling. D20 samples were

prepared by dissolving lyophilized unlabeled CRABPII in PBS buffer (20 mM sodium

phosphate, 150 mM sodium chloride in 99.6% D20, pD 7.5, uncorrected). H20 samples

were prepared by directly concentrating CRABPII fractions eluted with the PBS buffer

(pH 7.3) from a gel-filtration column at the final step of the purification procedure

(Chapter 2). About 10% D20 was added to the concentrated protein solutions. The protein

concentrations of the NMR samples were ~2 mM.

NMR spectroscopy. All NMR spectra were acquired at 25°C. Typical carrier

frequencies for various experiments were as follows: lH, 4.70 ppm; l5N, 119.7 ppm;

”CO, 175 ppm; 13C“, 54 ppm and 13CW", 43 ppm. Quadrature detection in the
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nonacquisition dimensions was achieved by the hypercomplex method (States et al.,

1982) for homonuclear experiments and by the States-TPPI method (Marion et al., 1989a)

for heteronuclear experiments.

Homonuclear 2D spectra were recorded on a Varian INOVA-600 spectrometer.

The acquisition times and numbers of complex points were as follows: DQF-COSY

(Piantini et al., 1982) F 1 61.0 ms, 512 and F2 243.8 ms, 2048 (128 transients); NOESY

(Jeener et al., 1978; Macura & Ernst, 1980; Kumar et al., 1980) F1 38.1 ms, 320 and F2

243.8 ms, 2048 (64 transients); SSNOESY (Smallcombe, 1993) and a WATERGATE

(Piotto et al., 1992) NOESY, Fl 61.0 ms, 512; F2 243.8 ms, 2048 (64 transients and 150

ms mixing time); clean-TOCSY (Griesinger et al., 1988) F1 38.1 ms, 320 and F2 243.8

ms, 2048 (64 transients). Two TOCSY spectra were acquired, one with a mixing time of

30 ms and one of 50 ms. Two NOESY spectra were recorded, one with a mixing time of

100 ms and one of 150 ms. The data were processed with the program VNMR v. 5.2F

(Varian Associates). A gaussian and minus LB combination was applied in F2 dimension

and a ~75°~shified sine-bell in F1 dimension in processing NOESY and TOCSY spectra.

A ~30°-shificd sine-bell was applied in both F1 and F2 dimensions in processing of

DQF-COSY data. The data sets were zero-filled to 4096 x 2048 real points for TOCSY

and NOESY and 8192 x 4096 real points for DQF-COSY. In general, a five-order

polynomial was applied for baseline correction in F2 dimension after Fourier

transformation.

Heteronuclear double resonance NMR spectra of uniformly ”N labeled protein

were recorded with the following acquisition times and complex data points: 2D lH-‘sN

HSQC (Bodenhausen & Ruben, 1980; Kay et al., 1992; Zhang etal., 1994), 'H (F2) 121.9
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ms, 1024, ”N (F1) 53.3 ms, 128 (32 transients); 3D lH-”N NOESY-HSQC (Zhang et al.,

1994), 1H (F3) 141.5 ms, 1024, ”N (F2) 34.0 ms, 68, 1H (F1) 33.2 ms, 200 (16 transients,

150 ms mixing time). 2D lH-”N HMQC spectra (Miieller, 1979; Bax et al., 1983) of the

selectively labeled proteins ([”N]-valine or [”N]-leucine) were recorded with the

following acquisition times and complex data points: lH (F2) 141.5 ms, 1024 and (F1)

”N 32.0 ms, 64 (32 transients). Heteronuclear triple resonance NMR spectra (Kay et al.,

1990; Grzesiek & Bax, 1992a; Muhandiram & Kay, 1994; Kay, 1995) of ”N/”C-doubly

labeled protein were recorded with the following acquisition times and complex data

points: CT-HNCO (Grzesiek & Bax, 1992a), ”N (F1) 16.0 ms, 32, ”CO (F2) 34.0 ms, 64,

lH (F3) 127.80 ms, 1024 (16 transients); CT-HNCA and CT-HN(CO)CA (Grzesiek &

Bax, 1992a), ”N (Fl) 16.0 ms, 32, l3CCl (F2) 10.9 ms, 64, 1H (F3) 127.80 ms, 1024 (16

transients); HNCACB (Wittekind & Miieller, 1993; Muhandiram & Kay, 1994), ”0""

(Fl) 7.1 ms, 64, 15N (F2) 15.2 ms, 32, 1H (F3) 128.0 ms, 1024 (32 transients);

CBCA(CO)NH (Grzesiek & Bax, 1992b; Muhandiram & Kay, 1994), ”CM3 (Fl) 6.4 ms,

64, ”N (F2) 16.0 ms, 32, lH (F3) 127.80 ms, 1024 (32 transients); C(CO)NH(G1'zesiek et

al., 1993; Muhandiram & Kay, 1994), 13c (Fl) 9.7 ms, 96, ”N (F2) 15.2 ms, 32, ‘H (F3)

128.0 ms, 1024 (32 transients); H(CCO)NH (Grzesiek et al., 1993; Muhandiram & Kay,

1994), IH (Fl) 15.9 ms, 128, l5N (F2) 25.0 ms, 50, 1H (F3) 127.80 ms, 1024 (32

transients); gradient HCCH-TOCSY (Bax etal., 1991; Kay et al., 1993), 1H (F1) 35.8 ms,

128, 13C (F2), 10.5 ms, 75, 1H (F3) 127.80 ms, 1024 (16 transients, 16 ms mixing time).

A low power GARP-I sequence (Shaka et al., 1985) was applied for ”N broad-band

decoupling during the data acquisition. 'H broadband decoupling in the CT-HNCO, CT-

HNCA, CT-HN(CO)CA, C(CO)NH and H(CCO)NH experiments were achieved by a
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DIPSI-2 sequence (Shaka et al., 1988), and in the CBCA(CO)NH experiment by a

WALTZ-l6 sequence (Shaka et al., 1983). The CO decoupling during the CM3 chemical

shift and Cam-”N scalar coupling evolution periods in the HNCACB experiment, and Ccl

decoupling during the constant time t2 (”N) in the CBCA(CO)NH experiment were

accomplished by applying a SEDUCE-l sequence (McCoy & Mueller, 1992a, b). ”C

isotropic mixings in the 3D HCCH-TOCSY (Bax et al., 1991; Kay et al., 1993),

H(CCO)NH and C(CO)NH experiments were accomplished by a DIPSI-3 sequence

(Shaka etal., 1988). The HSQC, HMQC, HNCACB and C(CO)NH spectra were acquired

on the INOVA-600 spectrometer and processed with the program VNMR v. 5.3 (Varian

Associates). All other spectra were recorded on a Briiker DMX-500 spectrometer at the

National Magnetic Resonance Facility at Madison and processed by Felix 95 (Biosym

Technologies inc.). A ~45°-shified sine-bell was applied in both dimensions of the 2D

HSQC and HMQC data. The HSQC data was zero-filled to 2048 x 512 real points and

the HMQC data to 2048 x 256 real points. A ~75°-shified sine-bell was applied in both

F1 and F3 dimensions, and a cosine-bell in the F2 dimension of the 3D NOESY-HSQC

and HCCH-TOCSY data. For the other 3D data, a 75°-shified sine-bell was applied in the

F3 dimension and a cosine-bell in the other two dimensions. The first points of both F1

and F2 dimensions were calculated by linear predictions. The data size in indirect

detection dimension was extended by backward-forward linear predication (Zhu & Bax,

1992). Solvent suppression was improved by convolution of time domain data (Marion et

al., 1989b). The data size was doubled in each dimension by zero-filling once. The empty

regions of the 3D data (the aliphatic parts in the F3 dimension of the ”N-edited data and

the amide part of the HCCH-TOCSY data) were removed to reduce the data size.
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Derivation of structural restraints. Two types of structural restraints were

derived from experimental NMR data: interproton distance restraints and hydrogen bond

restraints. Approximate interproton distance restraints were derived from the NOE data.

NOE cross peaks between aliphatic protons were picked from the homonuclear 2D

NOESY spectrum with a mixing time of 100 ms using the program VNMR v. 5.2. NOE

cross peaks involving amide protons were picked from the 3D 'H-”N NOESY-HSQC

with a mixing time of 150 ms using the program Felix 95, except for those of Ile9, IlelO,

Ile63, Arg132, Va1133 and Tyrl34, which were picked from the 2D homonuclear

NOESY data. The integrated peak volumes were converted into approximate interproton

distances by normalizing them against the calibrated volumes of NOE cross-peaks

between backbone protons within the identified B-sheet regions. The upper limits of the

interproton distances were calibrated according to the equation Va = V, (rb/ra)6, here Va, V,

were the volumes and rd, rb the internuclear distances. The distance bounds were set to

1.8—2.7 A (1.8—2.9 A for NOE cross peaks involving amide protons), 1.8—3.3 A (1.8—3.5

A for NOE cross peaks involving amide protons) and 1.8—5.0 A corresponding to strong,

medium and weak NOEs, respectively. Pseudoatom corrections were made for non-

stereospecifically assigned methylene and methyl resonances (Wfithrich et al., 1983). An

additional 0.5 A was added to the upper bounds for methyl protons.

Protein backbone hydrogen bonds were derived from patterns of cross peaks

remaining in the fingerprint regions of the homonuclear 2D TOCSY and NOESY spectra

recorded in D20. Hydrogen bond restraints were set to 2.0 i 0.5 A and 3.0 i 0.3 A for

HNmO and N---O, respectively.
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Structure calculation. The structures were calculated by the hybrid distance

geometry-simulated annealing (DGSA) protocol (Nilges et al., 1988) in the program X-

PLOR v. 3.1 (Briinger, 1992) on an SGI IndigoII workstation. A square-well potential

function with a force constant of 50 kcal.mol“.A’2 was applied for the distance restraints.

The X-PLOR f function was used to simulate van der Waals interaction with atomicrepel

radii set to 0.80 times their CHARMM values (Brooks et al., 1983). Hydrogen bond

restraints within the regions of regular secondary structures were introduced at a later

stage of structural refinement. Seventy structures were generated using this protocol at

the beginning. The structures were inspected with the programs QUANTA96 (Molecular

Simulations. inc.) and InsightII (Biosym Technologies inc.), and analyzed by

PROCHECK—NMR (version 3.4.4) (Laskowski et al., 1993; 1997). An iterative strategy

was used for the structural refinement. The first round calculation employed mainly

NOEs between backbone protons. Then the newly computed NMR structures were

employed to assign more NOE restraints, to correct wrong assignments and to loosen

NOE distance bounds if spectral overlapping was deduced. Then another round of

structural refinement was carried out with the modified NMR restraints. Afier several

rounds of such refinement, an ensemble of 25 structures was selected according to their

best-fits to the experimental NMR restraints and the low values of their total energies.
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Results

Sequential resonance assignment. HNCACB and CBCA(CO)NH spectra were

first analyzed to obtain sequential connectivities. Representative results are shown in

Figure 3.1. About one hundred residues with relatively strong peaks in the 2D lH-”N

HSQC (Figure 3.2) spectrum could be easily linked on the basis of these two sets of data.

These residues were then sequentially assigned by the combined analyses of the 3D

C(CO)NH, H(CCO)NH, HCCH-TOCSY, and homonuclear 2D TOCSY spectra.

The majority of the remaining residues had weak or no detectable peaks in the 2D

'H-”N HSQC spectrum, even with minimum water perturbation using the water flip-back

technique (Grzesiek & Bax, 1993). Because these residues also had weak or no detectable

peaks in the triple resonance experiments, their sequential assignment posed a big

challenge. The following residues had weak cross-peaks in the 2D lH-”N HSQC

spectrum: LysS—Glu17, Leu28, Lys30, Ala32—A1a35, Ala40, Va141, Glu62, Ile63,

Leu119, Leu121 and Thrl31—Va1135. They were assigned by spin system identifications

combined with sequential and long range (inter-strand) NOEs. Because of the excellent

chemical shift dispersion of the protein, 2D homonuclear TOCSY and NOESY data were

especially useful for assigning these residues. In particular, most of the inter-strand NOE

cross-peaks between Ha-H“ protons of the adjacent B-strands were well resolved in the

2D NOESY spectra. The sequential assignments of many of these residues were also

facilitated by the comparisons with the sequential assignments of the wild type holo-

CRABPII in complex with all-trans-RA (Chapter 5) and the apo-form ofthe site-directed
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Figure 3.1. Strips of the HNCACB (a) and CBCA(CO)NH (b) spectra showing sequential

connectivities for residues Gly68—Gln74. Both inter-residue and intra-residue peaks in the

HNCACB strips (a) are labeled. The dotted lines indicate negative peaks.
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Figure 3.2. Gradient- and sensitivity-enhanced 2D lH—”N HSQC spectrum ofunifomly

”N-enriched apo-CRABPII. Sequential assignments are indicated with one-letter amino

acid code and residue number. The side-chain amides of Asn and Gln are indicated by #.

The unlabeled peaks are most probably from the side-chains of arginines.
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mutant R1 1 1M (Chapter 4). Most weak peaks in the 2D lH-”N HSQC spectrum of wild

type apo-CRABPII became much stronger upon the binding of RA or with the point

mutation, and thus could be assigned unambiguously for holo-CRABPII and apo-R11 1M.

Furthermore, neither the binding of RA nor the mutation changed the chemical shifts of

the majority of residues. Such comparisons were especially helpful for the assignments of

the selectively lSN-labeled residues such as Leu119, Val33, Val41, Val76, Va1133 and

Leu121. Such comparisons also expedited greatly the assignments of the forty-six

residues with amide protons remaining in the fingerprint regions of the homonuclear 2D

spectra in D20 (Figure 3.3). Almost exactly the same residues remained in the 2D

homonuclear D20 spectra of apo-CRABPII and apo-R1 11M (Figure 4.8 of Chapter 4). In

particular, such comparisons helped the assignments of residues LysS, Ile9, IlelO, Ser12,

Ile63, Thr131, Arg132 and Tyrl34. Nine residues, namely Glu13, Asn14, PhelS, Lys30,

Ile3l, A1340, Asp77, Gly78 and Cysl30, were assigned based on NOEs and with the help

of the comparisons. The HN and ”N resonance assignments of Va133 were based on

selective labeling, spin system identification and several NOEs between the ring H53 of

Phe15 and HS of Va133 after the first round of structural calculation. The HN and ”N

resonances of Ala32, Ala34 and Ala35 were assigned based on the comparisons and a few

weak, sequential NOEs. The HN or ”N resonance of Ser37 was assigned tentatively by

spin system identification and the comparisons of the three sets of 2D lH-”N HSQC

spectra. The peaks corresponding to the two adjacent residues, Ala36 and Lys38, could

not be observed in the 2D lH-”N HSQC spectrum of apo-CRABPII. The aliphatic

protons of the residues with weak peaks in the 2D lH-”N HSQC spectrum were assigned

by the inter-strand NOEs, by spin system identifications obtained from the homonuclear
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2D spectra and 3D HCCH-TOCSY spectrum, and by the comparisons with the

assignments ofholo-CRABPII and apo-R1 11M. For examples, the spin systems of Ser12,

A1a40, Val4l, Thr54, Glu62 and Val76 could be easily identified. The H“ of Arg132 was

assigned by its inter-strand NOE to Ser12 observed in the homonuclear 2D NOESY

spectrum.

The following eleven residues were not observed in the 2D lH-”N HSQC

spectrum: Asn2, Arg29, Ala36, Lys38, Thr56—Thr61 and Asn115. They were first

grouped into several spin systems based on the homonuclear 2D DQF-COSY, TOCSY

and 3D HCCH-TOCSY experiments. The aliphatic protons of Asn2, Thr56, Thr57,

Va158, Thr60, Thr61 and Asn115 were assigned by spin system identifications, the inter-

strand NOEs, and by the comparisons with the assignments of holo-CRABPII and apo-

Rl 11M. The assignments ofthe aliphatic protons of Thr56 and Thr57 were further helped

by the similar but unique chemical shifts of their H“ and HB resonances in the spectra of

apo- and holo-CRABPII and apo-R1 11M: H“ 4.83 ppm and HB 4.61 ppm for Thr56, and

H“ 4.00 ppm and H“ 4.23 ppm for Thr57 (in apo-R1 1 1M). Two possible alanine peaks

from Ala32 and Ala36 could be identified in the 2D homonuclear and 3D HCCH-TOCSY

spectra, but their sequential assignments could not be obtained due to the lack of strong,

well-resolved sequential NOEs. None of the 1H, ”C and ”N resonances of Arg29, Lys38,

Pro39 and Arg59 were assigned (Table 3.1).

The ring protons of aromatic residues, except for PhelS and Tyrl34, could be

easily assigned by analysis of the 2D DQFCOSY and TOCSY data, and by the

comparisons with the assignments of holo-CRABPII and apo-R11 1M (Chapters 4, 5).

Their identities were confirmed later by sequential assignment and the NOEs between H”-
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Figure 3.3. The fingerprint region of the homonuclear 2D TOCSY spectrum with 40 ms

mixing time. The TOCSY experiment was initiated more than 24 h after dissolving a

lyophilized protein sample in PBS, pD 7.5, in D20.
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Table 3.1. 'H, ”N and ”C assignments of apo-CRABPII in PBS at 25°C.

 

Residue

P 1

N2

F3

54

GS

N6

W7

K8

19

110

R11

512

E13

N14

F15

E16

E17

L18

L19

K20

V21

L22

023

V24

N25

V26

M27

P39

T49

F50

Y5]

152

K53

T54

S55

T56

T57

V58

ISN

121.9 (9.82)

112.5 (8.49)

110.6 (9.22)

118.6 (8.15)

123.3 (9.35)

123.2 (l0.l7)

125.6 (9.05)

118.8 (9.24)

l20.8 (7.57)

115.8 (8.33)

124.0 (8.71)

117.8 (9.25)

119.3 (8.72)

117.4 (8.36)

118.5 (8.36)

121.4 (7.59)

114.5 (7.36)

118.9 (8.18)

121.3 (7.83)

117.5 (7.24)

106.5 (7.69)

121.4 (7.62)

127.9 (8.68)

120.3 (8.47)

119.7 (7.95)

118.6 (7.82)

116.5 (7.66)

119.2 (7.16)

122.6 (8.54)

116.7 (8.66)

121.0 (7.31)

121.6 (8.44)

113.9 (7.43)

123.9 (8.71)

125.2 (7.93)

130.0 (9.30)

123.1 (9.30)

128.9 (9.56)

128.0 (8.58)

128.9 (8.53)

1 17.9 (9.10)

126.6 (8.54)

116.7 (8.08)

124.2 (9.08)

122.5 (8.35)

123.3 (8.41)

133.1 (9.30)

124.4 (8.85)

122.7 (9.43)

124.0 (8.71 )

CO

171.9

173.5

171.8

167.9

171.5

172.5

172.4

173.3

173.3

171.0

172.1

175.9

174.9

176.0

178.3

174.9

173.6

172.0

173.6

172.8

173.4

177.7

174.8

174.4

171.5

172.1

173.9

170.8

172.2

173.5

170.6

172.5

170.1

173.1

172.8

171.6

172.0

173.5

C0.

63.0 (4.32)

52.7 (5.03)

60.4 (4.32)

60.7 (4.70)

44.9 (3.96, 3.76)

53.0 (5.52)

56.7 (5.14)

54.1 (5.28)

55.5 (3.92)

61.3 (4.61)

62.8 (5.12)

61.7 (4.80)

55.7 (4.95)

55.3 (4.59)

63.2 (3.30)

59.6 (3.68)

58.5 (3.73)

57.6 (3.62)

60.5 (3.83)

66.0 (3.78)

55.4 (3.91)

45.9 (3.96, 3.58)

63.3 (3.72)

54.2 (4.38)

66.7 (3.46)

58.5 (4.14)

(4.08)

(4.32)

59.6 (3.87)

64.3 (3.72)

66.6 (3.62)

(4.08)

(4.21)

52.2

60.4 (4.70)

51.9 (4.96)

61.2 (5.13)

54.6 (5.36)

60.0 (5.34)

56.4 (4.60)

53.9 (4.45)

55.1 (4.37)

48.0 (3.94, 3.58)

54.5 (5.18)

63.0 (4.70)

57.6 (4.56)

56.3 (5.24)

61.0 (4.60)

54.5 (5.08)

62.1 (4.88)

58.0 (5.30)

(4.85)

64.9 (4.00)

62.2 (4.16)

(:13

33.2 (2.37, 1.91)

39.3 (2.95, 2.89)

32.3 (3.28, 2.70)

64.5 (4.30, 3.99)

40.2 (2.69, 2.52)

32.2 (3.06, 2.66)

36.1 (1.90, 1.85)

33.6 (1.76)

41 .8 (1.83)

(3.61, 3.43)

40.1 (2.19, 2.08)

41.4 (3.31, 3.22)

33.7 (2.98, 2.85)

32.6 (1.96)

28.1 (1.84, 1.73)

42.4 (2.17, 1.34)

41.1 (1.62, 1.56)

32.6 (1.93, 1.61)

31.7 (2.15)

41.5 (1.39)

31.7 (1.45)

39.3 (3.09, 2.74)

32.1 (2.03)

32.0 (2.07, 2.01)

(1.63, 1.32)

(2.20, 1.97)

32.2 (1.89, 1.81)

39.2 (1.80)

(2.07)

(1.38)

(1.38)

19.1

(4.23, 4.02)

20.9 (1.45)

35.3 (1.73)

33.4 (2.06, 1.99)

40.8 (2.27)

35.3 (1.87, 1.76)

30.6 (1.82, 1.71)

31.0 (1.62, 1.26)

42.1 (3.15, 2.68)

69.6 (4.14)

44.6 (1.65)

41.0 (3.01, 2.70)

40.4 (1.84)

34.9 (1.76, 1.58)

70.0 (3.86)

65.0 (3.83, 3.74)

(4.61)

66.7 (4.23)

(1.96)

Others

H" 2.10, 2.08; H“ 3.32, 3.25

2, 6H 7.42; 3, 5H 7.16; 4H 7.34

2H 6.78; 4H 7.07; 5H 6.82; 6H 7.23; 7H 7.12

H“ 9.20; N‘ 124.6

H" 1.63, 1.52; H“ 1.37, 1.33; H‘2.85

H" 1.65, 1.56; H“ 0.48; H""' 1.39

H""‘0.87

H’l.93

H“ 7.35, 7.00; N“ 109.8

2, 6H 7.14; 3, 5H 6.84; 4H 6.93

H" 2.16

H" 2.38, 2.19

H" 0.81; H“ 0.74, 0.70

H" 1.12; H“ 0.36, 0.32

H" 1.35, 1.14; H“ 2.91

H" 1.10, 0.95

H“ 0.49

H" 0.83

H“ 7.73, 6.91; N“ 112.3

H" 0.96, 0.91

H" 2.59, 2.46

H" 1.09; H“ 0.82, 0.76

H" 1.74; H“ 2.70

H" 1.68, 1.59

H""‘ 0.88; H“ 0.80

H" 0.94

H" 0.63, 0.46

H" 2.25

H1 1.66; H"‘“ 0.85; H“ 0.51

H" 1.54, 1.41; H“ 1.33, 1.24

H" 2.03; H“ 7.83, 7.11; N‘ 106.8

H" 2.02

H" 0.99

2, 6H 6.48; 3, 5H 7.08; 4H 6.81

2, 6H 6.94; 3, 5H 6.61

H’ 1.26; H""' 0.80; H“ 0.31

H" 1.17; H“ 0.44, 0.29; H“ 2.84

H" 0.94

H" 1.07

H" 1.27

H" 0.79, 0.74
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Residue

R59

T60

T61

E62

163

N64

F65

K66

V67

G68

E69

E70

F7 1

E72

E73

Q74

T75

V76

D77

G78

R79

P80

C8 1

K82

583

L84

V85

K86

W87

E88

S89

E90

N91

K92

M93

V94

C95

E96

Q97

K98

L99

L100

K101

6102

E103

G104

P105

K106

T107

8108

W109

T110

R111

5112

L113

T114

N115

D116

Gll7

E118

ISN

123.5 (8.58)

122.9 (8.73)

120.4 (8.10)

117.2 (8.34)

120.8 (9.32)

127.5 (9.01)

114.9 (8.91)

120.2 (7.94)

130.3 (9.21)

121.4 (9.06)

119.6 (8.67)

122.4 (8.44)

117.9 (7.59)

111.8 (9.18)

122.4 (9.18)

112.0 (8.54)

107.2 (7.93)

121.0 (7.86)

118.8 (8.87)

120.0 (8.87)

124.9 (9.06)

120.7 (7.36)

130.1 (9.20)

123.8 (8.47)

120.2 (8.65)

127.7 (9.21)

112.5 (8.59)

116.7 (8.71)

111.2 (8.05)

120.1 (7.84)

127.0 (9.35)

119.3 (8.86)

127.3 (8.85)

127.7 (7.70)

121.0 (7.43)

123.1 (8.94)

126.1 (8.78)

121.9 (7.77)

117.4 (8.05)

108.6 (8.18)

117.2 (8. I 0)

109.1 (8.14)

123.5 (8.58)

118.7 (8.79)

112.3 (7.80)

116.3 (8.21)

111.2 (9.56)

120.1 (8.79)

123.3 (8.87)

126.4 (8.25)

116.9 (9.35)

115.7 (7.75)

107.6 (7.96)

117.5 (7.43)

CO

170.5

169.7

169.1

175.2

174.1

170.7

171.5

172.6

169.5

173.1

171.6

174.3

175.4

171.4

173.6

168.5

173.0

168.7

173.7

171.5

173.3

174.9

173.3

171.2

173.1

171.3

171.0

171.0

170.0

171.4

172.6

173.1

172.9

175.4

174.8

172.7

169.7

173.1

172.8

175.1

170.8

171.2

171.8

171.7

170.9

170.5

175.1

173.1

173.5

171.7

172.0

CG

60.3 (5.20)

60.1 (4.61)

(4.98)

59.5 (4.88)

52.3 (5.56)

55.9 (4.65)

53.9 (4.65)

67.1 (3.23)

45.7 (4.38, 3.61)

54.9 (4.77)

57.6 (4.88)

55.8 (5.11)

55.3 (5.05)

55.3 (4.73)

54.2 (5.30)

62.4 (4.55)

65.6 (3.82)

45.9 (4,10, 3.55)

54.0

63.8 (4.66)

55.9 (5.05)

54.5 (4.73)

58.7 (4.86)

54.9 (4.23)

60.6 (4.35)

54.2 (4.48)

57.0 (5.1 1)

58.0 (4.35)

57.0 (4.55)

59.1 (3.66)

52.9 (4.96)

56.7 (5.46)

53.4 (5.18)

60.3 (4.30)

55.6 (4.48)

55.2 (4.31)

54.7 (4.91)

54.7 (4.60)

56.0 (4.00)

57.0 (4.07)

55.4 (4.37)

45.1 (4.02, 3.71)

54.9 (4.60)

45.5 (4.10, 3.90)

62.7 (4.48)

56.6 (4.38)

60.1 (5.36)

57.3 (4.63)

56.1 (5.76)

61.0 (5.24)

56.1 (5.57)

53.9 (5.78)

52.8 (5.28)

(4.76)

55.5 (4.44)

54.3 (4.74)

46.1 (4.17, 3.69)

(4.98)

(:13

71.7 (3.90)

71.7 (3.97)

(2.02, 1.91)

42.2 (1.85 )

42.8 (2.54, 2.50)

39.8 (2.15)

35.4 (1.63, 1.49)

31.9 (1.85)

35.3 (2.16, 1.96)

31.4(1.99,1.91)

41.4 (3.53, 3.20)

31.9 (202,191)

29.7 (202,190)

33.1 (1.73, 1.70)

71.2 (4.16)

32.1(200)

29. 8

33.0 (2.38, 1.86)

31.6 (2.58)

34.3 (1.54, 1.47)

68.0 (2.78, 1.54)

45.2 (2.00, 1.58)

32.6 (1.35)

36.9(1.6l, 1.43)

29.5 (3.22, 2.99)

32.3 (1.80, 1.66)

65.0 (4.1 1, 3.98)

29.5 (1.84, 1.78)

40.4 (3.15, 2.85)

37.2 (1.98, 1.47)

35.1 (1.99)

34.9 (1.77)

27.9 (0.36, -0.28)

31.6(1.81,1.73)

30.8 (1.75)

35.0 (2.10)

42.0 (1.98, 1.63)

42.5 (1.64, 1.47)

34.9 (1.72, 1.61)

32.9 (1.96, 1.78)

32.7 (2.03, 1.33)

32.6(1.81, 1.51)

72.5 (4.46)

66.8 (3.86, 3.78)

33.1 (3.48, 3.29)

72.2 (4.16)

35.6(185. 1.50)

34.9 (1.94)

43.9 (1.25)

(4.70)

38.1 (2.79, 2.76)

41.2 (2.79, 2.39)

(2.02, 1.98)

Others

H" 1.06

H" 1.06

H1 1.16, 1.01; 11’“ 1.09; 1150.80

H“ 7.62, 6.92; N“ 113.1

2, 6H 6.24; 3, 5H 6.52; 4H 6.32

117 1.45, 1.28; 115 2.92

H, 0.64, 0.43

H" 2.19

H" 2.20, 2.13

2, 6H 7.32; 3, 5H 6.82; 4H 6.52

H" 2.30, 2.13

H" 2.14, 2.14

H" 2.17, 1.99; H‘ 7.49, 6.70; N“ 110.3

H" 1.03

H" 1.01, 0.81

H" 2.15, 1.99

H" 1.26, 1.22; H“ 1.03

H" 1.17; H“ 0.68, 0.51

H" 0.23, 0.02

H" 1.26, 1.12

2H 7.30; 4H 7.98; 5H 6.95; 6H 7.21; 7H 7.62

H‘ 10.66; N“ 129.6

H" 1.99

H" 2.08

H“ 7.50, 6.83; N“ 112.6

H" 1.22; H“ 1.10; H8 2.68

H" 2.19, 2.08; H“ 0.41

H" 0.73, 0.70

H" 2.14, 1.95

H" 2.43, 2.02; H‘2 7.38, 6.71; Nc 114.4

H" 1.96, 1.78; H“ 1.24; H‘ 3.16, 2.84

H" 1.36; H“ 0.86, 0.65

H" 1.35; H“ 0.80, 0.76

H" 1.37, 1.27

H"2.10

H" 1.84, 1.76; H“ 3.60, 3.29

H" 1.35, 1.30;

H" 1.13

2H 6.89; 4H 6.90; 5H 6.35; 6H 6.43; 7H 6.59

H“ 11.37; N‘ 137.8

H" 1.09

H" 1.35, 1.23; H“ 3.00

H" 2.03

H" 0.94; H“ 0.51, 0.44

1.25

H 7.67, 6.95; N“ 112.6
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Residue

L119

1120

L121

T122

M123

T124

A125

D126

D127

V128

V129

C130

T131

R132

V133

Y134

V135

R136

E137

ISN

124.6 (8.73)

125.2 (9.47)

135.5 (9.88)

120.1 (9.13)

121.7 (9.29)

115.2 (8.26)

125.3 (8.39)

122.4 (9.28)

121.1 (8.48)

123.4 (8.41)

125.7 (8.38)

129.4 (9.56)

124.6(8.11)

128.3 (9.77)

122.2 (8.50)

127.2 (9.79)

112.1 (9.55)

123.2 (8.55)

125.6 (8.08)

CO

172.6

172.8

171.4

171.5

172.1

172.7

172.7

172.8

171.2

172.9

171.2

172.5

172.8

174.5

178.7

CG

53.4 (5.08)

60.8 (4.83)

53.3 (5.56)

60.4 (5.76)

55.1 (5.14)

60.7 (5.46)

51.6 (4.84)

57.3 (4.14)

54.7 (4.50)

63.6 (3.95)

61.4 (4.50)

56.4 (5.16)

(5.13)

(5.01)

62.2 (4.90)

56.5 (5.59)

59.7 (5.33)

57.3 (3.89)

58.9 (3.86)

(:13

43.3 (0.89)

39.4 ( 1.77)

45.3 (2.15)

71.0 (4.03)

38.3 (1.84, 1.81)

71.2 (3.93)

21.3 (1.03)

39.6 (2.72)

41.4 (2.66)

32.9 (2.14)

34.4 (1.83)

35.4 (3.00, 2.66)

(3.74)

(1.78, 1.67)

(1.66)

43.6 (3.23, 3.01)

36.2 (2.36)

30.3(l.29,1.11)

31.6 (1.80, 1.68)

Others

H" 0.44; H“ 0.18, —0.36

H" 1.35; H"“’0.75; H“ 0.99

H" 1.22; H“ 0.85, 0.74

H" 1.06

H" 2.55, 2.28

H" 0.96

H" 0.92, 0.69

H" 0.77, 0.69

H" 0.98

H" 1.50

H" 0.85, 0.80

2, 6H 6.82; 3, 5H 6.37

H" 1.04, 0.85

H" 0.59, 0.06; H“ 2.70, 2.79

H" 2.05, 1.90
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H“ and between Ha-H“ for tyrosines and phenylalanines, between H“-H“l and between H“-

H“3 for tryptophans. The ring protons of PhelS and Tyrl34, which were overlapped with

other peaks in the aromatic regions, were assigned based on the NOEs between HB-H“ and

between Ha-H“ and the comparisons. In the corresponding spectra of holo-CRABPII and

apo-R1 1 1M they were separated from the other peaks.

Stereospecific resonance assignment. In order to better determine the solution

structure of CRABPII, stereospecific assignments were made whenever possible. The

methylene H“ protons were stereospecifically assigned on the basis of the qualitative

estimations of 33613 coupling constants from DQF-COSY spectrum in conjunction with the

relative volumes of the NOE cross-peaks between Ha—H“ picked from the 2D

homonuclear NOESY with 100 ms mixing time and the NOE cross-peaks between HN—H“

from 3D lH-‘SN NOESY-HSQC (Basus, 1984). The methyl protons of valine residues

were stereospecifically assigned in a similar manner except that the relative volumes of

the NOE cross-peaks of H“—H" and HN—H" were used. Methyl protons of leucine residues

and the ring protons of Phe and Tyr residues were stereospecifically assigned after two

rounds of structure refinement. Stereospecific assignments were obtained for H'3

methylene protons of 43 residues, for methyl protons of six valine residues and four

leucine residues.

Secondary structures. Secondary structural elements were obtained from NOE

data. The NOEs used to characterize secondary structures were d,m and dag from the

homonuclear 2D NOESY and dam d- and dim from the 3D 'H-‘SN NOESY-HSQC and/or

homonuclear 2D NOESY data. Regular a-helix was characterized by strong short-range

NOEs dNN, do“, (i, i+3) and de (i, i+3) and weak dew, and regular B-sheet by strong short-
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range NOEs dew and de and strong or medium long-range NOEs do“, and do,” between

adjacent strands. The following ten B-strands forming two anti-parallel B-sheets were

identified (Figure 3.4): Ser4—SerlZ (BA), Ala40—Glu46 (BB), Thr49—Ser55 (BC), Thr61—

Lys66 (BD), G1u69—Thr75 (BE), ProSO—G1u88 (BF), Lys92—Lys98 (BG), K106—L113

(BH), L119—A125 (BI) and V128—R136 (BJ). Long-range NOEs, a",m and daN, were

observed between adjacent BA, BB, BC and BD, between adjacent BE, BF, BG, BH, BI and

BJ, and also between the N-terminal half of BA and the C-terminal half of BJ. No such

NOEs were observed between the adjacent BD and BE. LysS-Ser12 of BA, LysS3 of BC,

Ile63 of BD and Thr131—Vall35 of BJ had weak peaks in the 2D lH-‘SN HSQC spectrum.

However, the amide protons of Lys8, Ile10, LysS3, Ile63 and Arg132—Va1135 were

observed in the homonuclear 2D spectra recorded in D20 (Figure 3.3). In particular, most

of their inter-strand NOE distances due, and do,” was observed in the 2D NOESY spectra in

D20. Therefore, Lys8—Ser12 and Thrl31—Va1135 were considered to adopt B-sheeted

structures. They formed part of the so-called B-bulge structure. A1a40—Val4l of BB and

Thr60—Glu62 of BD showed weak or no observable peaks in the 2D lH-‘SN HSQC and

3D lH-‘SN NOESY-HSQC spectra. However, strong NOEs (dad) were observed for these

residues. The first two B-strands were linked by a long segment (Glul3-Pr039). Along

this segment a short a-helix 01A, Glul7—Gly23, could be recognized. Glu17 was weak in

the 2D lH-‘SN HSQC spectrum. It was assigned as the N-terminus of the helix according

to the NOE (10,,3 (i, 1' +3) observed in the D20 spectra.
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Figure 3.4. Summary of the sequential and medium-range NOEs involving backbone HN

and H“ atoms, slow-exchange backbone amide protons and the deduced secondary

structures of apo-CRABPII. Line thickness for (11,,N and a"NN sequential NOE distances

reflects the intensities of the cross peaks. Asterisks indicate the residues whose amide

protons remained after 24 h of exchange with D20 in PBS buffer at room temperature and

pD 7.5 as determined by 2D homonuclear NMR experiments.
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Glul3—Glu16 had very weak peaks in the 2D 'H-‘SN HSQC, homonuclear 2D SSNOESY

and WATERGATE NOESY spectra.

NOE distance restraints. A total of 2290 structurally useful NOE distance

restraints were obtained from the analyses of the homonuclear 2D NOESY and 3D IH-‘SN

NOESY-HSQC spectra. Of the NOE restraints, 647 were intra-residue, 560 were

sequential, 248 were medium-range and 835 were long-range NOEs (Table 3.2). On

average, each residue had ~17 NOE restrains, but the numbers of NOE restraints per

residue varied greatly along the amino acid sequence (Figure 3.5). The residues situated

in several turns or loops and the entrance region had NOE restraints well below the

average. A total of 92 hydrogen bond restraints obtained fiom 46 hydrogen bonds were

included in the structural refinement.

Quality ofthe structure. Figure 3. 6A shows the C“1 traces of the superimposed 25

computed structures with no NOE violations exceeding 0.3 A. The statistics of the

structures are summarized in Table 3.2. Except for the entrance region, the structures

were well defined. Excluding residues Ala32-Pro39 and Thr57-Glu62, the RMSD of the

25 coordinates was 0.54 A for the backbone (N, C“, C’, O) and 0.92 A for all heavy

atoms. The stereochemical qualities of the structures were checked by the program

PROCHECK—NMR (Table 3. 2). The restrained minimized mean structure (Clore &

Gronenbom, 1989) had 55.6% residues in the most favorable regions of the

Ramachandran plot, and 37.1% in the additional allowed regions. Two residues, Phe3 and

Asnl 15, and eleven others were at the disallowed and generously allowed regions,

respectively. The relative low percentage of the residues in the most favorable regions
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Figure 3.5. The distribution ofNOEs along the amino acid sequence ofCRABPII. For

intra-residue NOEs only those that are structurally useful are included.
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Figure 3.6. (A) Stereoview of the C“ traces of the superimposed 25 refined structures of

apo-CRABPII. (B) Stereoview of the C“ traces ofthe restrained minimized mean

structure of apo-CRABPII (thin line) superimposed with the C“ traces of the crystal

structure ofholo—CRABPII (thick line). (C) Stereoview ofthe C“ traces of the restrained

minimized mean structure of apo-CRABPII (thin line) superimposed with the C“ traces of

the crystal structure of apo-CRABPI (molecule A) (thick line).
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Table 3.2. Restraint and structural statistics of apo-CRABPII

 

Restraint Statistics

Numbers of experimental NOE restraints

Intra-residue 647

Sequential 560

Medium 248

Long 835

Total 2290

Number of hydrogen bonds 92

Structural Statistics

<SA>“ <SA>,b

RMSD from experimental distance restraints (A) (2290) 0.036 t 0.001 0.028

Deviation from idealized covalent geometry

Bonds (A) 0.004 i 0.001 0.003

Angles (deg) 0.742 t 0.028 0.583

Impropers (deg) 0.604 3: 0.006 0.482

Measures of Structural Quality (By Procheck)

% residues in most favorable regions of the Ramachandran plot 55.6 i 2.4 54.8

% residues in additional allowed regions of the Ramachandran 37.1 :1: 1.6 37.1

plot

No. ofbad contacts 8 :1: 2 8

H-bond energy 0.40 i 0.10 0.50

Overall G-factor -0.30 :1: 0.02 -0.30

Coordinate Precision

RMSD for Ca trace (A) 0.84 i 0.21 0.47 :t 0.15 °

RMSD for backbone atoms (A) 0.89 3: 0.25 0.54 i 0.18 °

RMSD for all heavy atoms (A) 1.12 :t 0.28 0.92 :1: 0.20c

 

“ <SA> are the final 25 simulated annealing structures.

“ <SA>r is the restrained minimized mean structure obtained by restrained regularization

of the mean structure, which is obtained by averaging the coordinates of the individual

SA structures best fitted to each other.

“ Residues from Ala32-Pro39 and Thr57-Glu62 were excluded from the RMSD calculations.
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was due to the looseness or absence of the backbone NOE restraints for more than one-

fourth of the total 137 residues.

Description of the solution structure of apo-CRABPII. The solution structure of

apo-CRABPII mainly consists of two nearly orthogonal anti-parallel B-sheets twisted to

form a flattened barrel, a structural feature shared by all the published structures of iLBPs

(Banaszak et al., 1994). As in other iLBPs, owing to a large gap, there are no main-chain

hydrogen bonds between BD and BE. The gap gradually widens fi'om the N-terminus to

the C-terminus of BD (Figure 3. 6A). The C-terminal half of BC and the N-terminal half

of BD together with the loop connecting them move away from the main protein body

and extend into the solvent. The C-tenninal half of BB together with the loop connecting

BE and BF also moves away the main protein body. The entrance to the binding pocket is

formed by the hydrophobic side-chains of Leu19, Va124, Leu28—Pro39 and the residues

in the BC—BD loop and BE—BF loop. The distance from the C“ atom of Va158 in the BC—

BD loop to the C“ atom of Val76 in the BE—BF loop is about 20.7 A. The distance

between the C“ atom ofVa124 of the loop connecting 01A to 018 and the C“ atom of Val76

is 17.0 A. The ligand binding pocket is wide open and the side chains of the trio (Argl 1 l,

Arg132 and Tyrl34) are readily accessible to the external ligand.
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Discussion

Assignment and secondary structures. The amide resonances of eleven residues

were not observed, and about twice the number of residues had weak peaks in the 2D 1H-

15N HSQC spectrum. This posed a challenge for the sequential assignment method based

on a series of ISN-edited heteronuclear NMR experiments because these experiments

depend on magnetization transfer of amide resonances. Their assignments could not be

accomplished without the help of the comparisons with the sequential assignments of

both the wild type holo-CRABPII and the site-directed mutant apo-R11 1M. However, the

intensities of the amide proton signals from Arg29, Ala36, Lys38 and Arg59 were so low

in both the 2D lH-‘SN HSQC and the homonuclear 2D SSNOESY and WATERGATE

NOESY spectra that none of their 1H and 15N resonances has been assigned. Secondary

structure elements were identified according to the NOE patterns. For residues with weak

or no observable amide peaks in NOESY spectra only the a",m and daB(i, i+3) NOEs were

used. Several residues had strong peaks in the fingerprint regions of the 2D homonuclear

spectra recorded in DZO but had only very weak peaks in the 15N-edited heteronuclear

spectra. Their secondary structural identities were established by the backbone hydrogen

bond, and the NOEs observed in the homonuclear spectra. All the available data, in

particular, the homonuclear 2D SSNOESY, WATERGATE NOESY spectra were

analyzed carefully to assign the resonances of Met27-Ala36, which assume an or-helical

structure (018) according to the crystal structure of holo-CRABPII. Some weak sequential
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NOEs typical of the regular helical structure were observed for Met27-Ile31 but their

intensities and numbers were well below the average (Figure 3.5). No structurally useful

sequential NOEs could be identified for residues Ala32-Ala35. However, the chemical

shift indices suggested that Lys30-Ala35 are helical. No NOEs could be identified

unambiguously for Ser37 except its intra-residue NOEs. These experimental data

suggested that the residues Met27-Ala35 adopt an unstable or-helical structure. Residues

Ala32-Pro39 are disordered in the NMR structures because no chemical shift indices

were included in the structure refinement (Figure 3.6A).

Comparisons with the crystal structures of halo-CRABPII and apo-CRABPI.

Figure 3.6B shows the overlay of the C“ traces of the restrained minimized mean structure

of the apo-CRABPII and the crystal structure of holo-CRABPII. The structure can be

superimposed with C“ deviations of 3.52, 2.04, and 1.65 A for all residues, the regular

secondary structures, and all residues excluding Va124-Ser37, Glu74-Pro80 and Leu100-

Gly104, respectively. The main differences between the two structures are located in the

regions around the ligand entrance. The second helix is well defined in the holo crystal

structure but appears flexible in solution, especially the C-terminal half. The BC-BD loop

moves away fiom the main body of the protein by ~5 A in the apo solution structure. The

C-terminal half of BE and the N-terminal half of BF in the apo solution structure do not

twist toward the center of the protein to constrict the ligand entrance as they do in the

holo crystal structure. Consequently, the long loop between BG and BH also moves away

from the main body of the apo protein. The distance between the C“ atom of Val76 in the

BE—BF loop and the C“ atom of V3158 in the BC—BD loop is ~8.0 A longer in the apo

solution structure than in the holo crystal structure. The distance between the C“ atom of
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Val76 and the C“ atom of Va124 in the orA-orB loop is ~6.7 A longer in the apo solution

structure than in the holo crystal structure. As a result, the ligand entrance in the apo

solution structure is greatly enlarged with a much more exposed binding pocket. In

particular, residues Va124, Leu28, Ile31, Va158, Arg59, and Val76 move away from each

other so that the side-chains of Argl 1 l, Arg132 and Tyrl34 that interact with the

carboxyl group of RA are easily accessible to the ligand. However, the relative positions

of Argl l 1, Arg132, and Tyrl34 are quite similar to those observed in the holo crystal

structure: their backbone atoms can be superimposed rather well.

Compared with other parts of the protein, the ligand entrance region of apo-

CRABPII is not well defined in the solution structure. Most residues in the region have

weak or no observable peaks in all 'SN-edited spectra. The number of the experimental

distance restraints per residue for the region is well below the average (Figure 3.5).

However, except for Ala32—Pro39, the differences between the apo solution structure and

the holo crystal structure (Figure 3.6B) are larger than between any two conformations

from the ensemble of 25 refined NMR solution conformations (Figure 3.6A). Thus, the

differences between the apo solution structure and the holo crystal structure are real.

Most of the differences between the apo solution structure and the holo crystal

structure of CRABPII are also observed between the solution structure of apo-CRABPII

and the crystal structure of apo-CRABPI (Thompson et al., 1995) (Figure 3.6C).

Dynamical properties. As detailed earlier, about a quarter of the residues showed

weak or no signals in the 2D 'H-‘sN HSQC spectrum (Figure 3.2). Some of them were

situated in the turns or loops between elements of regular secondary structure.

Surprisingly, many others assumed regular a-helical or B-sheet structures. Only the
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residues in the BC-BD loop and the BE-BF loop and Asn115 in the BH-BI loop showed

weak or no cross-peaks in the lH-‘SN HSQC spectrum. The residues in the longest loop

between BG and BH showed the highest intensities in the lH-‘SN HSQC spectrum. By

contrast, residues in the long loop of holo-CRABPII had high temperature factors in the

X-ray structure. Interestingly, most of these residues that showed weak or no cross-peaks

in the lH-‘SN HSQC spectrum are located in the RA-binding pocket (Figure 3.7). Among

the 21 residues that constitute the RA-binding pocket (Kleywegt etal., 1994), 16 residues

exhibited weak or no detectable cross-peaks in the 'H-‘sN HSQC spectrum.

The cluster of the weak or missed lH-‘SN correlations suggested that the RA-

binding pocket of CRABPII is rather dynamic in the absence of RA. It is unlikely that

these peaks were affected by water saturation, because the lH-‘SN HSQC spectrum was

recorded with a “water flip-back” pulse sequence that minimized water saturation and

dephasing (Grzesiek & Bax, 1993). Furthermore, for several weak or missing IH-‘SN

correlations, the amide protons remained two days after the lyophilized protein was

dissolved in D20 and showed cross-peaks in the fingerprint regions of the homonuclear

2D spectra recorded in D20 (Figure 3.3), indicating that these amide protons exchange

slowly with water and should not be perturbed by water saturation. Rather, the lH-‘SN

correlations were most likely weak or missing as the result of broadening of the amide

proton and/or nitrogen resonances due to conformational exchange at rates intermediate

on the NMR time scale. For LysS, Ile10, Leu19, Leu121 and Argl32-Vall35, clearly,

line broadening of their nitrogen resonances was responsible for the weak peaks in the

lH-‘SN HSQC spectrum because their amide protons exhibited sharp signals and showed

cross-peaks with a-protons in 2D homonulcear spectra recorded in D20 (Figure 3.3). A
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Figure 3.7. The relative peak intensity of the 2D lH—‘SN HSQC spectrum of apo-

CRABPII color-coded along the C“ trace of the solution structure. The strong peaks

are in white, the weak peaks in pink and the missing peaks in cyan. RA (green) is

positioned on the basis of the superposition of the solution structure ofapo-CRABPII and

the crystal structure ofholo-CRABPII.
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slow conformational exchange with a lifetime of at least 40 ms was observed as described

in Chapter 2, resulting in two sets of cross-peaks for Trp87. It was noted that Trp87 is

located at the N-terminus of BF far away from the RA-binding pocket. The residues in the

RA-binding pocket likely undergo intermediate conformational exchange, probably on

the microsecond to millisecond time scale, because only one set of NMR signals was

observed for these residues. The clustering of the mobile residues and the relatively low

frequency of conformational exchange suggest that the RA-binding pocket may undergo

collective motions in the absence of the RA ligand.

Apart from the RA-binding pocket, the structure of apo-CRABPII appears well

ordered and less dynamic. Most residues, including those at the turns and loops, showed

intense cross-peaks in the 2D lH-‘SN HSQC spectrum. Many of them also showed cross-

peaks in the fingerprint regions of the 2D homonuclear spectra recorded in D20 (Figure 3.

3). Remarkably, the hydroxyl protons of Ser83 and Thr107 were observed in 2D

homonuclear spectra recorded in H20, and the indole e'-proton of Trp7 was detected in

2D homonuclear spectra recorded in D20, suggesting that these side-chains are not only

buried but also immobile.

The dynamic nature of the RA-binding pocket is consistent with biochemical and

NMR studies of CRABPI. Limited proteolysis showed that helix 012 of CRABPI is

significantly more susceptible to proteolysis in the apo-form than in the holo-form

(Jamison et al., 1994), suggesting that RA binding induces a conformational change or

that helix 012 is more mobile in the apo-form. Hydrogen exchange measurements revealed

that helix 012 and the BC-BD loop of CRABPI have much higher exchange rates in the

apo-form than in the holo-fonn (Rizo, et al., 1994), indicating that these parts of the
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molecule are more dynamic in the apo-form. Other iLBPs also have been found to

exhibit similar dynamic properties. For example, it was shown by NMR that the second

helix of rat intestinal FABP is disordered in solution (Hodsdon and C1istola, 1997a, b).

Is CRABPII dimeric in solution? Unlike other iLBPs, apo-CRABPI was

crystallized in a dimeric form (Thompson et al., 1995). The crystalline dimer is held

together by an intermolecular B-sheet formed by the BD strands of two CRABPI

molecules, resulting in a 20-stranded double B-barrel with slightly more open RA-binding

pockets. It was suggested that dimerization may be the mechanism by which CRABPI

opens the ligand entrance so that RA can enter or exit the binding pocket without steric

hindrance. In light of the potential significance of the dimerization to the ligand entrance

problem, we carefully examined the possibility of the formation of the intermolecular B-

sheet. We concluded that apo-CRABPII is predominately monomeric in solution for the

following reasons. (i) On a Sephadex G-50 gel filtration column, apo-CRABPII eluted

with a volume characteristic of monomeric CRABPII. (ii) For the most part, the line

widths of the NMR signals of CRABPII were consistent with a monomeric structure. (iii)

None of the predicted NOEs indicative of formation of the intermolecular B-sheet was

observed. For example, according to the dimeric crystal structure of apo-CRABPI, the

distance between H“ of Thr61 of molecule A and H“ of Thr60 of molecule B is 2.5 A but

the distance between H“ of Thr61 and H“ of Thr60 of the same molecule is 5.9 A.

Therefore, if there is a stable dimer in solution, we should see a NOE cross-peak between

the two protons. On the other hand, if there is no stable dimer, there would be no NOE

between the two protons. The two protons were sequentially assigned, but we did not see

any NOE cross-peak between them. Although the formation of transient dimers could not
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be ruled out, the transient dimers, if they exist, can only be a minor population under the

conditions of the NMR or gel filtration experiments. What is the likelihood of the

dimerization in viva? Since the cellular concentration of CRABPII is much lower than the

concentrations of the NMR samples, the concentration of dimeric species would be even

lower in vivo.

Implications for RA binding. The crystal structures of holo-CRABPI and

CRABPII suggested that RA cannot enter or exit the ligand binding pocket of the proteins

in the absence of significant conformational changes. On the basis of limited proteolysis

of several intracellular lipid binding proteins, it was proposed that a rigid body movement

of the helix-turn-helix motifmay serve as the mechanism by which the family of proteins

opens up their ligand binding pocket (Jamison et al., 1994). In light of the solution

structure of apo-CRABPII, it is unlikely that the two helices move as rigid rods as

previously proposed. Rather, the second helix of the helix-tum-helix motif is flexible and

undergoes conformational exchange. The dynamical nature of the second helix may be

the cause of its high susceptibility to proteolysis.

Based on the comparisons of the crystal structures of apo- and holo-CRABPI, it

was suggested that movement of the BC—BD loop is responsible for the opening of the

ligand entrance (Thompson et al., 1995). Furthermore, it was also proposed that the

movement of the BC—BD loop is dependent on the formation of an intermolecular B-sheet

as mentioned above. Comparison of the solution structure of the apo-CRABPII and the

crystal structure of holo-CRABPII confirms the hypothesis that BC—BD loop moves when

RA is bound. However, the movement of the BC—BD loop that opens the binding pocket
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is shown by NMR not to involve dimerization of the protein because CRABPII is

predominately monomeric in solution.

The solution structure of apo-CRABPII suggests that the ligand entrance is widely

open and readily accessible to RA. The enlargement of the ligand entrance of apo-

CRABPII compared with holo-CRABPII is mainly due to a concerted conformational

change in three structural elements, namely the second helix, the BC—BD loop and the

BE—BF loop. A widely opened entrance may be essential for binding of RA, because RA

is a long, relatively rigid, negatively charged molecule. A narrow entrance lined with the

hydrophobic side-chains would result in unfavorable interactions with RA. The entry of

RA into the deep binding pocket may be further facilitated by the positively charged

potentials generated by Arg29, Arg59, Argl 11 and Arg132 (Chen et al., 1998). Binding

of RA induces significant conformational changes in CRABPII. Furthermore, the

interactions between RA and CRABPII may stabilize the structural elements constituting

the RA-binding pocket, especially the second helix, the BC—BD loop and the BE—BF loop.
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Conclusion

Using multidimensional NMR spectroscopy, we have determined the first solution

structure of a CRABP. Comparison of the solution structure of apo-CRABPII with the

crystal structure of holo-CRABPII indicates that the largest conformational differences

between the two structures are localized at the ligand entrance. The ligand entrance of

apo-CRABPII is greatly enlarged and readily accessible to RA, mainly due to a concerted

movement of the second helix and the BC-BD and BE-BD loops. Furthermore, the ligand

binding pocket of apo-CRABPII is rather dynamic as indicated by analysis of the cross-

peaks intensities of the lH-‘SN HSQC spectrum. CRABPII is predominately monomeric

in solution as determined from NMR and biochemical evidence. Although the formation

of transient dimers could not be ruled out, dimerization apparently is not a prerequisite

for entry of RA into the ligand binding pocket of CRABPII.
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CHAPTER 4

Solution Structure of a Site-Directed

Mutant (R1 11 M) of Human CRABPII

Introduction

The crystal structures of holo-CRABPs reveal that RA is buried in the binding

pocket with its carboxyl group interacting with Argl l 1, Arg132 and Tyrl34 (CRABPII

numbering) at the bottom of the pocket (Kleywegt et al., 1994). Arg132 and Tyrl34

interact directly with the carboxyl group of RA, whereas the interaction between Argl 11

and the carboxyl group of RA is mediated by a water molecule. Electrostatic calculations

based on a modeled structure of CRABPI have suggested that the electrostatic repulsion

between the guanidinium groups of the above two conserved arginine residues provides

the conformational flexrbility to CRABPs for RA to enter the binding pockets (Zhang et

al., 1992).

Site-directed mutagenesis and competitive binding studies have shown that both

Argl 11 and Argl32 are important for CRABPII to bind RA but Argl ll contributes more

to the binding energy than Argl32 (Chapter 2). This chapter describes the structure

determination of the CRABPII mutant protein R1 1 1M in solution by NMR spectroscopy.

141



142

The results suggest that Argl 11 play a critical role in determining the structure and

dynamical properties of CRABPII.
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Experimental Procedures

Sample preparation. Unlabeled amino acids, nucleotides, vitamins and D-

glucose were purchased from Sigma (St. Louis, Missouri). ['SN]-labeled amino acids and

'SNH4C1 were purchased from Cambridge Isotopic Laboratories.

Site-directed mutagenesis and expression, and the purification of the recombinant

mutant protein R11 1M have been described in Chapter 2. Uniform 15N-labeling and ”N-

labeling of leucine were performed as detailed in Chapter 3. The procedure for 15N-

labeling of isoleucine and phenylalanine was the same as that for isoleucine and leucine.

For 15N-labeling of lysine, the expression strain BL21(DE3)/pLysS containing the

plasmid pET-l7b/R111M was used. The strain was grown in M9 medium supplemented

with 110 mg/L [‘SN]-lysine added ten minutes before the induction with IPTG. D20

sample was prepared by dissolving the lyophilized protein in PBS buffer (20 mM sodium

phosphate, 100 mM sodium chloride in 99.9% DZO, pD 7.5, uncorrected). The protein

solution was incubated for six hours at 37°C and lyophilized again. The lyophilized

protein was then dissolved in 99.96% D20. HZO samples were prepared by directly

concentrating the protein fractions eluted with the PBS buffer (pH 7.3) from a gel-

filtration column (G-50) at the final step of the purification procedure (Chapter 2). About

10% D20 was added into the concentrated protein solutions. The protein concentrations

of the NMR samples were ~ 2 mM.



144

NMR spectroscopy. All NMR spectra were recorded at 27°C. Homonuclear 2D

spectra of unlabeled R11 1M in D20 and heteronuclear 2D lH-‘SN HMQC (Miieller, L.

1979; Bax et al., 1983) spectra of selectively l5N-labeled proteins in H20 were acquired

on a Varian VXR-SOOS spectrometer. All 2D experiments were recorded in the phase-

sensitive mode with F1 quadrature detection achieved by the hypercomplex method

(States et al., 1982). The relaxation delay was 1.5 second, and the residual water

resonance was suppressed by low-power presaturation. The spectral width was 7238 Hz

for 'H and 2000 Hz for l5N. The following 2D homonuclear spectra were recorded: one

DQF-COSY (Piantini et al., 1982) spectrum, one E.COSY (Griesinger et al., 1985)

spectrum, three NOESY (Jeener et al., 1978; Kumar et al., 1981) spectra with mixing

times of 50, 100 and 150 ms, and three clean-TOCSY (Griesinger et al., 1988) spectra

with mixing times of 20, 45 and 75 ms. The time domain data were composed of 2048 X

320 complex points (128 transients) for the E.COSY and DQF-COSY experiments and

2048 X 256 complex points (80 transients) for all other homonuclear 2D experiments.

The 2D lH-‘SN HMQC spectra were recorded with 1024 (‘H) X 64 (”N) complex points

(32 transients). The data were processed with the program VNMR v. 5.1 (Varian

Associates). A ~30°-shified sine-bell was applied in both dimensions for processing the

DQF-COSY and E.COSY data, and a ~45°-shified sine-bell for the lH-‘SN HMQC data.

A gaussian and minus LB combination was applied in F2 dimension and a ~75°-shifted

sine-bell in F1 dimension for processing the NOESY and TOCSY data. The time domain

data were then zero-filled to 2048 X 512, 4096 X 2048, 4096 X 2048, and 8192 X 4096

real points for the 2D HMQC, TOCSY, NOESY, DQFCOSY and E.COSY, respectively.
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A five-order polynomial was applied for baseline correction in the F2 dimension after

Fourier transformation.

Heteronuclear NMR experiments of the uniformly ”N labeled protein were carried

out on a Briiker DMX-600 spectrometer. The carriers for 1H and ”N were set at 4.70 ppm

and at 115.7 ppm, respectively. A 2D lH-”N HSQC spectrum (Bodenhausen & Ruben

1980; Cavanagh et al., 1991; Palmer et al., 1991; Kay et al., 1992) was acquired with

coherent selection by pulsed field gradients and sensitivity enhancement. The acquisition

times and complex data points were IH (F2) 113.9 ms, 1024 and ”N (F1) 56.9 ms, 256

(32 transients). Both 3D lH-”N TOCSY-HMQC (Marion et al., 1989b) and NOESY-

HMQC (Zuiderweg and Fesik, 1989; Marion et al., 1989c) spectra were recorded with the

following acquisition times and complex data points: lH (F3) 113.9 ms, 1024; ”N (F2)

11.9 ms, 32; 'H (Fl) 14.3 ms, 128 (8 transients and 45 ms mixing time for TOCSY-

HMQC, and 16 transients and 150 ms mixing time for NOESY-HMQC). In both 3D

experiments the solvent resonance was suppressed by low-power presaturation.

Quadrature detection in indirectly detected dimensions were accomplished by the States-

TPPI method (Marion et al., 1989a). Homonuclear isotropic mixing in TOCSY-HMQC

experiment was achieved by a DIPSI-3 sequence (Shaka et al., 1987). Two dimensional

IH-”N HMQC-J (Key and Bax, 1990) data was recorded on a Briiker DMX-750

spectrometer at the National Magnetic Resonance Facility at Madison with the following

acquisition times and complex data points: lH 136.4 ms, 2048 and ”N 232.7 ms, 512 (16

transients). A low power GARP-I sequence (Shaka et al., 1985) was applied for ”N

broad-band decoupling during the data acquisition periods of these experiments. The

spectra were processed with the program NMRPipe (Delaglio et al., 1995). A ~45“-
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shifted sine-bell was applied in both F2 ('H) and F l (”N) dimensions for both 2D lH-”N

HSQC and HMQC-J spectra. The lH-”N HSQC and HMQC-J data were zero-filled to

2048 (F2) x 512 (F1) and 2048 (F2) x 1024 (F1) real points, respectively. A ~75°-shifted

sine-bell was applied in both Fl ('H) and F3 ('H) dimensions and a cosine-bell in F2

(”N) dimension for processing of the 3D data. The first points of F l and F2 dimensions

were calculated by linear prediction. Both 3D data were zero-filled to 2048 (F3) x 128

(F2) x 512 (F1) real points. The aliphatic part in the F3 dimension was removed after

Fourier transformation.

Resonance assignment. The sequential assignments were carried out following

the standard procedure developed by Wiithrich and others (Wiithrich, 1986; Clore &

Gronenbom, 1989 and 1991). Briefly, the spin systems were identified by the analysis of

the homonuclear 2D TOCSY and DQF-COSY spectra and the 3D lH-”N TOCSY-

HMQC spectrum or by selective labeling. Sequential linking was obtained from NOE

connectivities observed in 3D lH-”N NOESY-HMQC experiment. The stereospecific

assignments of B-mythylene protons were obtained by the joint analyses of the qualitative

“JG, coupling constants derived from the E.COSY and DQF-COSY spectra and the

relative volumes of the NOE cross peaks between H“—H“ and HN—H“ from the 2D

homonuclear NOESY and 3D lH-”N NOESY-HMQC spectra (Basus, 1984). The methyl

protons of valine and leucine residues and the ring protons of aromatic residues were

stereospecifically assigned as detailed in Chapter 3. Secondary structural elements were

identified according to their characteristic NOE patterns.

Derivation of structural restraints. Three types of structural restraints were

derived from the experimental NMR data: interproton distance restraints, torsion angle
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restraints and hydrogen bond restraints. Approximate interproton distance restraints were

derived from the homonuclear 2D NOESY with 100 and 150 ms mixing times, and the

3D ”N-edited NOESY-HMQC with 150 ms mixing time. The same procedure for

establishing the upper limits of interproton distances was followed as described in

Chapter 3. The only difference was that the NOE cross peaks from the 3D lH-”N

NOESY-HMQC were picked by the programs CAPP and PIPP (Garret et al., 1991). The

NOEs were classified as strong, medium, weak and very weak corresponding to

interproton distance 1.8—2.7 A (1.8—2.9 A for NOEs involving NH protons), 1.8—3.3 A

(1.8—3.5 A for NOEs involving NH protons), 1.8—5.0 A and 2.5—5.0 A, respectively.

Pseudoatom corrections were made for non-stereospecifically assigned methylene protons

and methyl protons (Wiithrich et al., 1983). Additional 0.5 A was added to the upper

bounds for methyl protons. The backbone torsion angle 11) was restrained according to the

value of UN”, obtained from 2D HMQC-J experiment. It was restrained —120° i 40° for

UN”, 2 7.5 Hz, and —60° i 20° for 3.1M,CL .<_ 5.0 Hz and when NOE data indicated the

presence of a helix. Backbone hydrogen bond restraints were derived from the cross

peaks remaining in the fingerprint regions of the homonuclear 2D TOCSY and NOESY

spectra recorded in D20. The HN---O and N---O were restrained to be 2.0 i 0.5 A and 3.0

i 0.3 A, respectively.

Structure calculation. The structures were calculated as detailed in Chapter 3

except that an additional square-well potential fimction with force constant of 200

kcal.mol".rad'2 was applied for the dihedral angle restraints.
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Results

Isotopic enrichment. The level of ”N enrichment in the uniform l“N-labeling was

high as judged by the signal to noise ratio of the 2D 'H-”N HSQC spectrum (Figure 4.1).

No l5N isotopic scrambling to other residues was observed for selective labeling of

isoleucine, leucine, lysine and phenylalanine. For example, the number of the cross peaks

in the 2D 'H-‘SN HMQC spectrum of the [”N]-leucine-labeled protein was exactly equal

to the total number of leucine residues in R1 1 1M (Figure 4.2).

Spin system identification. Aliphatic spin systems were first identified by the

analysis of the homonuclear 2D DQF-COSY and TOCSY spectra in D20 and then

extended to amide resonances by the 3D lH-”N NOESY-HMQC experiment. Most of the

threonine, alanine, valine and glycine residues could be identified easily by their unique

cross-peak patterns. The majority of the residues belonging to either AMX or AM(PT)X

spin system could also be identified. However, except for a few, the residues with long

side-chains (lysine, leucine, isoleucine, arginine and proline) could not be distinguished

from each other because of severe spectral overlapping in the upfield region (1.00 ppm-

2.00 ppm) and the inefficiency of the TOCSY experiments for long-relayed coherence

transfer. Their spin system identifications were achieved or assisted by selective l“N-

labeling. All the leucine, isoleucine and lysine residues could be identified by selective

”N-labeling. Furthermore, proline and arginine could also be distinguished from each

other. In general, the H“ protons of prolines have larger down field chemical shifts than
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Figure 4.1. Gradient- and sensitivity-enhanced 2D lH—‘SN HSQC spectrum ofuniformly

”N enriched of apo-R1 1 1M. Sequential assignments are indicated with one-letter amino

acid code and residue number. The side-chain amides ofAsn and Gln are indicated by #.
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Figure 4.2. 2D 'H—‘SN HMQC spectrum of the [‘SN]-leucine selectively labeled apo-

R1 1 1M. Sequential assignments are indicated with one-letter amino acid code and residue

number.
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those of arginines. For example, Prol was identified in this way. The cross peaks

corresponding to H“ protons of four arginines could be identified in the 2D lH-‘SN HSQC

spectra. Consequently, the H‘ was linked to the HY and H‘3 protons, and eventually to H“

protons by the 3D lH-‘SN TOCSY-HMQC experiment. The residues belonging to AMX

spin system were further distinguished from each other based on distinct chemical shifis

and NOEs. Four of the seven serines could be identified by the down field positions of

their HB protons. All four asparagine residues could be identified by the NOE cross-peaks

between Hfl and H6 protons observed in the 3D 'H-‘SN NOESY-HMQC spectrum. All five

phenyalanines were identified by selective labeling, and confirmed by the homonuclear

2D NOESY experiments. One tyrosine and two tryptophan residues could be identified

after the assignments of their aromatic ring protons. Two glutamines could also be

differentiated from the other residues belonging to the same AM(PT)X spin system by the

NOE cross-peaks between H7 and H‘ protons. All remaining residues were classified into

several groups, and identified later along with sequential assignment. The positional lH

resonance assignments of the side-chains were obtained mainly through the ZD DQF-

COSY spectrum, and three TOCSY spectra with different mixing times. Remarkably, the

hydroxyl protons of both Ser83 and Thr107 were observed in both homonuclear and

heteronuclear NMR experiments performed in H20 (data not shown), and were assigned

by the homonuclear TOCSY and NOESY experiments. The indole 8' proton of Trp7 was

observed in the NMR spectra recorded on D20 sample.

The ringprotons ofaromatic residues. The assignments of aromatic ring protons

were derived from the 2D DQF-COSY spectrum, and three TOCSY spectra with different

mixing times. The ring protons of phenylalanines and tyrosines were linked to their HB,
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HCl and HN protons by NOE cross peaks between H‘3 and H5 protons and between H"1 and

H5 protons observed in the 2D homonuclear NOESY. The H" and H51 protons of

tryptophans could be assigned by the 3D lH-‘SN NOESY-HMQC experiment, and H83

protons by NOEs between H“1 and H‘13 protons and between HB and H£3 protons observed

in the homonuclear 2D NOESY experiments.

Sequential assignment. The sequential assignment (Table 4.1) was primarily based

on sequential NOE connectivities such as daN, dNN and day The assignment was initiated

after over sixty percent of the total 137 residues had been identified. Most residues from

the ten B-strands and the first a-helix could be easily assigned (Figure 4.3). The

sequential assignments of ValZ6—Lys38 posed a challenge. Va126, Arg29, Ile31 and

Lys38 were weak or very weak in the 2D 1H-‘sN HSQC spectrum. No correlations

between their amide and aliphatic protons could be observed in the 3D 'H-‘SN TOCSY-

HMQC spectrum. Only a few NOEs useful for sequential assignments were observed in

the 3D lH-‘SN NOESY-HMQC spectrum. The 1H chemical shifts of the four alanines

(Ala32, Ala34, Ala35 and Ala36) were quite similar. The 'H and 15N resonances of both

Va126 and Arg29 were assigned tentatively by comparison with the assignments of wild-

type holo-CRABPII (Chapter 5), and a few weak sequential NOE peaks. The amide

resonances of both residues became stronger upon RA binding. The aliphatic protons of

Va126 were assigned by spin system identification. The assignments of Ile3l and Lys38

were helped greatly by selective labeling, and by comparison with the assignments of

wild-type holo-CRABPII. The spin system of Asnl 15 could be easily identified by the

homonuclear NMR experiments but its sequential assignment was achieved only at the

later stage because of the weakness of its peaks in all l5N-edited spectra. The H"l and HB
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Table 4.1. 'H and '5N resonance assignments of apo-R1 1 1M in PBS at 27°C

 

Residue

P 1

N2

F3

S4

G5

N6

W7

K8

I9

110

R1 1

S 12

E13

N14

F15

E16

E17

L18

L19

K20

V21

L22

623

V24

N25

V26

M27

L28

R29

K30

131

A32

V33

A34

A35

A36

S37

K38

P39

A40

V41

E42

143

K44

15N

123.2

112.6

110.7

119.0

124.4

125.2

126.1

118.9

120.6

115.6

124.1

117.5

120.5

117.8

118.5

121.8

115.3

118.7

121.4

118.0

106.7

121.8

127.4

120.7

119.6

119.1

120.9

118.1

119.3

123.5

117.1

122.0

119.0

120.2

112.2

120.1

127.4

120.8

129.4

123.7

129.1

HN

9.76

8.39

9.36

8.17

9.31

10.06

8.62

9.23

7.43

8.32

8.83

9.10

8.54

8.80

8.20

7.62

7.48

8.07

7.81

7.27

7.65

7.62

8.59

8.20

7.91

7.74

8.66

7.66

7.56

8.01

8.41

7.58

8.19

8.20

7.48

7.68

8.60

7.78

9.19

9.20

9.48

HO.

4.14

5.11

4.38

4.31

4.13, 3.97

5.24

5.08

5.27

3.67

4.59

4.60

5.28

4.83

4.96

4.60

3.32

3.74

3.75

3.64

3.89

3.79

3.97

4.00, 3.62

4.60

4.46

3.51

4.15

4.11

3.92

4.07

4.10

3.72

4.20

4.35

4.54

4.60

4.90

4.90

4.98

5.40

5.30

4.63

1.13

2.21, 1.75

2.99, 2.83

3.40, 3.22

3.99, 3.99

2.74, 2.56

3.08, 2.91

1.85, 1.85

1.39

1.87

1.72, 1.72

3.70, 3.61

1.93, 1.93

3.38, 3.27

3.14, 2.97

1.88, 1.88

1.97, 1.78

1.56, 1.56

1.61, 0.81

1.96, 1.69

2.19

1.70, 1.59

1.88

3.15, 2.80

2.05

2.09, 2.03

1.82, 1.66

1.93, 1.93

2.02

1.37

2.10

1.47

1.40

1.40

3.92, 3.82

1.82, 1.40

1.59

1.29

2.06, 2.10

2.25

1.84, 1.84

Others

1171.92, 1.94;H‘5 3.13, 3.11

H’ 7.64, 6.89; N7 112.5

2, 6H 7.43; 3, 5H 7.20; 4H 7.27

2H 6.80; 4H 7.04; 5H 6.81; 6H 7.21; 7H 7.11

H‘ 9.28; Nc 125.2

I-P 1.65, 1.41; H6 0.86, 0.86; Hc 2.86, 2.86

H1 0.92, 0.92; H15 0.60; 1-17'“ 0.69

1171.21 1.21;H51.00;HV“‘ 0.81

H" 1.59; H‘5 3.07; H‘ 7.29; N‘ 83.8

11* 2.14, 2.21

H1 7.29, 6.91; N1 109.8

2, 6H 7.21; 3,5H 6.94; 4H 7.02

H” 1.98, 2.18

H" 2.42, 2.24

H" 0.84; H5 0.79, 0.79

H" 1.09; H‘5 0.38, 0.22

H1 1.41, 1.41;1-I‘5 1.20, 0.95; H‘ 3.22, 2.96

H1 1.10, 0.94

H" 0.96; H‘5 0.86, 0.69

H" 0.92, 0.82

H" 0.95, 0.90

H1 2.60, 2.45

H7 1.35; H’5 0.90, 0.79

H7 1.74, 1.55; H‘5 1.47, 1.47; HE 2.92, 2.92

H1 1.85, 1.85; H1m 1.01

1170.95, 0.95

H7 1.07, 0.93; Hz5 3.47, 3.47

H" 0.43, 0.41

H" 2.30, 2.30

W 1.66, 1.28; H‘5 0.69; H1m 0.91

1171.54, 1.35; H‘ 2.86, 2.78
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Residue

Q45

E46

G47

D48

T49

F50

Y5 l

152

K53

T54

SSS

T56

T57

V58

R59

T60

T6 1

E62

163

N64

F65

K66

V67

G68

E69

E70

F71

E72

E73

Q74

T75

V76

D77

G78

R79

P80

C8 1

K82

S83

L84

V85

K86

W87

E88

889

E90

N91

K92

M93

lSN

127.4

128.9

117.9

126.7

116.9

124.7

122.6

123.8

131.9

124.6

121.2

115.5

110.9

113.0

119.3

122.9

120.0

122.9

117.9

119.9

117.1

120.7

127.5

114.8

120.4

130.5

121.5

119.7

121.8

117.9

111.8

122.4

113.1

108.4

121.8

118.7

120.0

124.9

120.9

130.3

123.7

120.5

127.7

113.2

116.6

111.1

120.2

126.5

8.59

8.55

9.04

8.51

8.06

9.00

8.32

8.42

9.26

8.96

9.16

8.36

8.34

7.43

7.38

8.76

8.95

8.62

8.50

8.00

8.29

9.20

8.83

8.77

7.90

9.18

8.99

8.61

8.42

7.78

9.18

9.26

8.75

7.93

6.86

8.78

8.83

9.02

7.33

9.21

8.39

8.54

9.25

8.63

8.69

7.98

7.74

9.27

HO.

4.50

4.40

3.88, 3.62

5.19

4.75

4.60

5.20

4.72

5.17

5.10

5.34

4.85

4.05

4.19

4.60

5.23

4.65

5.13

4.85

5.59

4.67

5.31

3.05

4.40, 3.63

4.81

4.91

5.15

5.09

4.63

5.35

4.62

3.79

4.40

4.23, 3.58

4.63

4.70

5.08

4.79

4.93

4.24

4.40

4.52

5.02

4.38

4.61

3.77

4.01

5.71

5.16

HB

1.86, 1.86

1.84, 1.68

3.16, 2.74

4.18

1.74, 1.74

3.03, 2.77

1.59

1.77, 1.69

3.89

3.75, 3.75

4.72

4.27

2.02

1.72, 1.72

3.94

4.01

1.93, 1.93

1.86

2.51, 2.51

2.28, 2.28

1.67, 1.54

1.67

2.00, 2.00

2.02, 1.94

3.51, 3.22

2.06, 1.97

1.98, 1.90

1.79, 1.79

4.18

1.98

2.74, 1.98

1.82, 1.58

2.42, 1.90

2.64, 2.13

1.58, 1.51

2.80, 1.55

1.61, 1.29

1.32

1.64, 1.51

3.28, 2.99

1.95, 1.76

4.18, 4.01

1.87, 1.87

3.12, 2.92

1.96, 1.96

1.22, 1.22

Others

11* 1.03, 1.03; H5 7.71, 6.98; N5 106.9

H1 2.03, 2.03

HY 1.02

2, 6H 6.50; 3, 5H 7.06; 4H 6.81

2, 6H 6.94; 3, 5H 6.56

H1 1.38, 1.28; H8 0.59; H“ 0.43

H1 1.24, 1.16; H‘ 2.86, 2.86

H" 0.96

H" 1.16

117 1.31

Hy 0.82, 0.82

H" 1.40, 1.40

H1 1.11

H1 1.07

H" 2.10, 2.04

H" 1.36, 0.79; H5 0.91; I-P'"n 1.11

H1 7.51, 6.81;N7113.1

2, 6H 6.20; 3, 5H 6.52; 4H 6.26

H1 1.32, 1.32; H‘ 2.96, 2.96

H" 0.46, 0.25

117 2.22, 2.22

H" 2.24, 2.15

2, 6H 7.26; 3, 5H 7.81; 4H 6.55

H" 2.34, 2.16

H" 2.14, 2.14

H” 2.20, 2.03; H‘5 7.35, 6.58; N15 110.3

H" 1.06

H" 0.86, 0.86

H7 1.36, 0.69; H5 3.21, 3.12; H‘ 8.59; N‘ 87.9

H1 2.05, 2.17; H5 4.03, 3.66;

H1 1.28; H8 2.82;

m 6.26

H1 1.19; 1150.71, 0.71

HY 0.22, —0.03

H7 1.31, 1.22

2H 7.38; 4H 7.98; 5H 6.86; 6H 7.21; 7H 7.58

H‘ 10.50 (10.571139c 129.6

H7 2.22, 2.12

117 2.12, 2.12

H" 7.37, 6.70; N7 112.6

H" 1.50, 1.50; Hz5 1.23, 0.93; H‘ 2.71, 2.56

H‘1 1.75, 1.75; H“ 0.31

 



Residue

V94

C95

E96

Q97

K98

L99

L100

K101

6102

E103

G104

P105

K106

T107

S108

W109

T110

M111

E112

L113

T114

N115

D116

G117

E118

L119

1120

L121

T122

M123

T124

A125

D126

D127

V128

V129

C130

T131

R132

V133

Y134

V135

R136

E137

15N

118.5

127.6

127.4

121.0

123.6

126.1

121.7

117.6

109.0

117.1

109.1

123.6

118.9

112.9

117.1

110.4

119.7

124.3

126.7

117.2

119.6

115.8

107.7

117.8

124.8

125.8

135.4

117.8

121.2

116.0

125.6

122.5

121.0

123.7

125.7

129.5

124.8

126.3

122.0

126.9

111.8

123.8

127.4

HN

8.64

8.91

7.70

7.31

8.97

8.75

7.70

7.97

8.18

8.08

8.10

8.54

8.75

7.84

8.29

9.44

8.62

8.85

8.17

9.29

9.14

7.75

7.94

7.40

8.64

9.38

9.69

8.85

9.20

8.42

8.44

9.23

8.44

8.39

8.35

9.57

8.06

9.43

8.42

9.73

9.19

8.56

8.15

Ha

4.24

4.46

4.32

4.92

4.60

4.00

4.10

4.40

4.06, 3.75

4.63

4.12, 3.95

4.54

4.42

5.38

4.75

5.72

5.15

5.46

5.78

5.29

4.62

4.46

4.77

4.21, 3.73

5.03

5.04

4.85

5.54

5.75

5.20

5.50

4.88

4.17

4.54

3.99

4.55

5.25

5.00

5.04

4.92

5.54

5.34

3.89

3.93
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1.13

1.77

0.51,—0.10

1.86, 1.80

2.03, 1.85

1.57, 1.39

1.67, 1.51

1.47, 1.47

1.82, 1.82

1.79, 1.79

2.08, 2.08

1.85, 1.85

4.50

3.83, 3.83

3.58, 3.33

4.19

1.86, 1.83

1.93, 1.93

1.31, 0.77

4.52

2.82

2.82, 2.46

2.04, 1.92

0.95, 0.84

1.84

1.92, 1.36

4.08

1.87, 1.84

3.97

1.06

2.77, 2.73

2.70, 2.70

2.18

1.87

3.03, 2.74

3.77

1.87, 1.84

1.70

3.30, 3.17

2.38

1.31, 1.09

1.85, 1.75

Others

H" 0.75, 0.69

H" 2.17, 1.97

H" 2.50, 2.15; Hz5 7.51, 6.68; N15 114.8

H" 1.29; H‘ 2.85

H" 1.39; H5 0.69, 0.69

H" 0.78

H" 1.66, 1.66; H5 1.29, 1.29

H’2.12, 1.99

H" 1.87, 1.80; H5 3.63, 3.35

H" 1.56, 1.40; H5 1.81, 1.81; Hc 2.98, 2.98

H" 1.17, 1-1"I 6.04

2H 6.87; 4H 6.83; 5H 6.41; 6H 6.41; 7H 6.71

H‘ 11.17; N‘c 136.4

H" 1.07

H“ 2.41, 2.25

H" 2.09, 2.09

H" 1.14; H5 0.51, 0.48

H" 1.08

H" 7.54, 6.83; N" 112.7

H" 2.35, 2.20

H" 0.30; H8 —0.3 1, —0.38

H"1.10,1.10;H51.04;H"'" 0.79

H" 1.60; H6 0.77, 0.71

H" 1.08

H" 2.45, 2.37

H" 0.99

H" 0.96, 0.74

H" 0.81, 0.74

H" 1.02

H" 1.75, 1.75; H13 3.02, 1.96; Hc 7.17; N“ 84.4

H" 0.89, 0.84

2, 6H 6.82; 3, 5H 6.68

H" 1.08, 0.91

H" 0.62, 0.23; Hz5 2.82, 2.70; Hc 6.86; N‘ 85.2

H" 2.09, 2.09

 

"' Two sets of resonances.
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Figure 4.3. Strip plots extracted from the 3D 15N-edited NOESY-HMQC spectrum of

apo-R1 11M showing the sequential and medium-range NOE connectivies of a-helix

(01A) (A) and B-strand ([1]) (B).
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protons of Thr114, whose chemical shifts were close to the water signal, were not

observed in the two sets of the 3D spectra due to water presaturation. They were assigned

by the analysis of the 2D homonuclear spectra recorded in D20 helped by the comparison

with their assignments in wild-type holo-CRABPII. Aan and Thr57 were the only two

residues not observed in the 2D 1H—‘SN HSQC spectrum. Their aliphatic protons were

assigned by spin system identification after the sequential assignments. The side-chain

assignments were complete except for Argl 1, Leu22, Arg29, Ile31, Arg59 and eight

lysine residues. Stereospecific assignments were made for the B-methylene protons of 51

residues and the methyl protons of ten valine and six leucine residues.

Secondary structure determination. Regular secondary structure elements were

characterized by their distinct NOE patterns. The following ten strands forming two anti-

parallel B-sheets could be identified (Kleywegt et al., 1994) (Figure 4. 4): Ser4—Glu13

(BA), Pro39—Glu46 (BB), Thr49-Thr56 (BC), Thr60—Lys66 (BD), Glu69—Thr75 (BE),

ProSO—Glu88 (BF), Lys92—Lys98 (BG), K106—L113 (BH), E118—A125 (BI) and V128—

R136 (BJ). The second strand BB began at Pro39, one residue shorter than the

corresponding BB in the crystal structure of holo-CRABPII, where it began at Lys38.

Lys38 was very weak in the 2D lH-‘SN HSQC spectrum. Long-range NOEs were

observed between the backbone protons of all adjacent B-strands except between BD and

BE. There were also NOEs between the backbone protons of the N-terrninal half of BA

and the C-terminal half of BJ. The first two strands BA and BB were connected by two

anti-parallel (it-helices. The first (01A), PhelS—Leu22, showed NOE connectivity and

hydrogen bonding patterns typical of a regular a-helical structure. The N-terminal half
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Figure 4.4. Summary of the sequential and medium-range NOEs involving backbone HN

and H“ atoms, slow-exchange backbone amide protons and the deduced secondary

structures of apo-R1 1 1M. Line thickness for do,N and dNN sequential NOE distances

reflects the intensities of the cross peaks. Asterisks indicate the residues whose amide

protons remained afier 24 h of exchange with D20 in PBS buffer at room temperature and

pD 7.5 as determined by 2D homonuclear NMR experiments.
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(Leu28—Ile31) of the second helix appeared to be partially unwound. The strength and

number of the NOEs observed for residues Leu28-Ile31were well below what is expected

for a regular a-helix. However, the chemical shifts of these residues indicated that they

are predominately in a helical conformation. No slow exchanging amide protons were

observed for the residues in the second helix. The loop (Gly23—Va126) between the two

helices could be detected but the link (Ser37—Pro39) connecting dB and BB appeared to

undergo conformational exchange in solution.

Structural restraints. A total of 2302 structurally useful distance restraints were

obtained by the analysis of the homonuclear 2D NOESY and heteronuclear 3D lH-‘sN

NOESY-HMQC data. Of the 2302 distance restraints, 704 were from long-range NOEs

(Table 4.2). The distributions of the distance restraints along the amino acid sequence

were quite uniform except for the two N-terminal residues, the residues in turns or loops

and in the second a-helix (Figure 4.5). The number of NOE restraints for each of them

was well below the average. A total of 77 dihedral angle restraints were obtained from the

2D 'H-‘SN HMQC-J data. A total of 98 hydrogen bond restraints from 49 hydrogen bonds

were included in the structural refinement.

Quality of the structures. Figure 4.6A shows the superposition of 28 refined

structures with no NOE violation exceeding 0.25 A and no dihedral angle violation larger

than 5.0° The statistics of the NMR structures is summarized in Table 4.2. The

stereochemical qualities of the structures were checked by the program PROCHECK—

NMR as described in Chapter 3. The Ramachandran plots and overall G-factors showed

that the stereochemical qualities of the structures were comparable to those X-ray

structures with 2.5 A resolution and R-factors less than 20 % (Table 4.2).
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Table 4.2. Restraint and structural statistics of apo-R1 1 1M

 

Restraint Statistics

Numbers of experimental NOE restraints

lntra

Sequential

Medium

Long

Total

Number of experimental ¢ dihedral restraints

Number ofhydrogen bonds

Structural Statistics

RMSD from experimental distance restraints (A) (2302)

RMSD from experimental dihedral restraints (deg) (77)

Deviation fiom idealized covalent geometry

Bonds (A)

Angles (deg)

Impropers (deg)

711

Measures of Structural Quality (By Procheck)

% residues in most favorable regions of the Ramachandran plot

% residues in additional allowed regions of the Ramachandran

plot

No. ofbad contacts

H-bond energy

Overall G-factor

Coordinate Precision

RMSD for Ca trace (A)

RMSD for backbone atoms (A)

RMSD for all heavy atoms (A)

635

252

704

2302

77

98

<SA>al <SA>)"

0.032 i 0.001 0.024

0.926 t 0.102 0.836

0.004 i 0.001 0.003

0.621 d: 0.028 0.520

0.495 i 0.004 0.411

71.8 i 2.4 71.0

25.8 i 0.8 25.8

6 i 2 6

0.40 i 0.10 0.50

-0. 19 :h 0.01 -0.20

0.43 d: 0.14

0.54 :t 0.26

0.98 :t 0.23
 

“ <SA> are the final 28 simulated annealing structures.

b <SA>r is the restrained minimized mean structure obtained by restrained regularization

of the mean structure, which is obtained by averaging the coordinates of the individual

SA structures best fitted to each other.
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Figure 4.5. The distribution ofNOEs along the amino acid sequence of CRABPII. For

intra-residue NOEs only those that are structurally useful are included.
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Figure 4.6. (A) Stereoview of the C“ traces of the superimposed 28 refined solution

structures of apo-R11 1M. (B) Stereoview of the superimposed C“ traces of the restrained

minimized mean structures of apo-R1 1 1M (thin line) and apo-CRABPII (thick line). (C)

Stereoview of the C“ traces of the restrained minimized mean structure of apo-R1 11M

(thin line) superimposed with the C“ traces of the crystal structure ofholo-CRABPII

(thick line).
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Description of R]I1M solution structure. The tertiary structure of apo-R1 1 1M

was very similar to the crystal structure of CRABPs (Figure 4.6C) (Kleywegt et al., 1994;

Thompson et al., 1995). The protein formed a compact, single domain structure

consisting of two antiparallel B-sheets and two short a-helices. Both B-sheets consisted of

five B-strands and were twisted into a nearly orthogonal flattened barrel. Inside the

protein a binding pocket was formed by the side-chains from eight of the ten B-strands

and lined by both hydrophobic and hydrophilic residues. It was closed off from the

exteriors except for a small tunnel-like opening. The entrance was formed mainly by the

hydrophobic side-chains from one side of helix 01B, the BC-BD loop and the BE-BF loop,

as well as Leu19 and Va124. The loop connecting (1A and (18 extended into the solvent.

In solution the ligand entrance was slightly more flexible than the other parts of the

protein, but it was still relatively well defined in the solution structure.
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Discussion

Assignment. The sequential assignment of the apo-R1 1 1M posed a challenge for

amide-directed sequential assignment strategy based on a series of homonuclear 2D and

heteronuclear 2D and 3D 'SN-edited NMR experiments. The problem was caused by the

presence of three prolines in the middle of the amino acid sequence, the low percentage

of the residues whose spin systems could be identified unambiguously by homonuclear

2D NMR experiments, and the relatively low intensities of a dozen cross peaks in the 2D

lH-‘SN HSQC spectrum. The intensities of these weak peaks were even lower in the 3D

lH-‘SN NOESY-HMQC spectrum and the lowest in the 3D lH-‘sN TOCSY-HMQC

spectrum. Moreover, eight residues had H“ protons signals and one residue had an HB

proton signal quite close to the solvent resonance. These protons were not observed in the

two sets of 3D lSN-edited data. Consequently, their sequential assignments could not be

achieved by the 3D 'H-‘SN NOESY-HMQC experiment. Most of these difficulties were

overcome by selective 15N-labeling. Lysine, leucine, isoleucine and phenylalanine were

chosen because of the abundance of these residues in the protein, and the difficulty in

identifying them by the standard procedure (Wiithrich, 1986). After their identifications

by selective 'SN-labeling, the spin systems of over sixty percent of the total residues were

known, which made it possible to achieve the total sequential assignment.

Comparison of the solution structures of apo-R111M and wild-type apo-

CRABPII. The backbone fold of apo-R11 1M is quite similar to that of apo-CRABPII.
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The restrained minimized mean NMR structures of the two proteins can be superimposed

with a RMSD of 3.2 A for all backbone C“ atoms (Figure 4.6B and Figure 4.7C), a

RMSD of 2.3 A for the backbone C“ atoms of the ten B-strands and the first or-helix.

However, there are significant conformational differences between the two structures,

mainly localized to three segments (Leu19-Ala36, Glu73-Cys81 and Leu99-Pr0105)

clustered around the ligand entrance. Surprisingly, the conformational differences occur

in the region far away from the site of the point mutation. If these segments are excluded,

the C“ RMSD between the two structures is reduced to 1.6 A. The first segment (Leu19-

Ala36) encompasses the middle of the first helix to the end of the second helix, the

second segment (Glu73-Cys81) the end of BE and the beginning of the BF, and the third

segment (Leu99-Pr0105) the long BG—-—BH loop. In apo-R1 1 1M, all three segments move

towards the center of the ligand entrance so that the opening of the ligand binding pocket

is much smaller than that in wild-type apo-CRABPII. The binding pocket in apo-R1 11M

is much less exposed to the external solvent than in the wild-type structure. For example,

the distance between the C“ atoms of V3158 in the BC—BD loop and Va124 in the turn

connecting two helices is 7.4 A shorter in apo-R1 11M than in wild-type apo-CRABPII.

The distance between the C“ atoms of Va158 and Asp77 in the BE—BF loop is 10.8 A

shorter in apo-R1 11M than in wild-type apo-CRABPII.

Comparison ofthe solution structures ofapo-RII1Mand the crystal structure of

wild-type halo-CRABPII. The restrained minimized mean NMR structure of apo-R1 11M

and the crystal structure of wild-type holo-CRABPII could be superimposed very well

(Figure 4.6C). The RMSD between the two superimposed structures is 0.96 A for the

Cu atoms of all regular secondary structures and 1.38 A for all C,l atoms. The
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Figure 4.7. C“ atom deviations between apo-R11 1M and wild-type holo-CRABPII (A)

and between apo-R1 11M and wild-type apo-CRABPII (B).
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superposition also shows good alignments of the side-chains that are involved in binding

ofRA such as those of Arg132 and Tyrl34.

It is obvious from examining Figure 4.7 that the solution structure of apo-R1 11M

is more similar to the crystal structure of holo-CRABPII than to the solution structure of

apo-CRABPII. The ligand entrance of apo-R1 1 1M is much smaller than that of the apo-

CRABPII, but is still larger than that of holo-CRABPII. The distance between the

C“ atoms of Va158 in the BC—BD loop and Va124 in the turn connecting two helices is

15.0, 21.3 and 28.8 A in holo-CRABPII, apo-RlllM and apo-CRABPII, respectively.

The distance between the C“ atoms of Va158 and Asp77 in the BE—BF loop is 12.4, 13.4

and 24.4 A in holo-CRABPII, apo-R1 1 1M and apo-CRABPII, respectively. It appears

that the point mutation and the binding of RA cause similar conformational changes,

although the magnitudes of the changes induced by the mutation are not as large as those

caused by the binding of RA.

Dynamical properties of apo-R111M. Apo-Rl 1 1M was quite stable in solution.

The NMR sample lasted for several months with almost no changes in the spectral

properties and quality. More than 50 % backbone amide protons in the first a-helix and

two B-sheets remained after a day of exchange with D20 (Figure 4.8). The hydroxyl

protons of Thr107 and Ser83 were observed in the homonuclear 2D spectra recorded in

H20, and the indole 8‘ proton of Trp7 was observed in the homonuclear 2D spectra

recorded in DZO, indicating that these protons had very low solvent accessibility. All

these observation suggested that R1 11M is for the most part fairly stable and rigid.

The peak intensity of a 2D lH-‘SN HSQC spectrum is, in general, modulated by

both amide proton exchange and conformational exchange. Amide proton exchange
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Figure 4.8. The fingerprint regions of the homonuclear 2D TOCSY spectra of apo-

CRABPII (A) and apo-R1 11M (B) recorded with 40 ms mixing time. The TOCSY

experiment was initiated more than 24 h after dissolving a lyophilized protein sample in

PBS, pD 7.5, in 13,0.
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appeared to have little effects on the peak intensities of the HSQC spectra of apo-R1 11M

and apo- CRABPII (Chapter 2), partly owing to the inclusion of a “water flip-back” pulse

(Grzesiek & Bax, 1993) in the HSQC experiments that minimized water saturation and

dephasing. In fact, the average peak intensity of the slow exchanging amide protons was

the same as that of all amide protons. Thus, variation in peak intensity is primarily due to

conformational exchange. As expected, the residues in the loops such as Gly47 and

Asnl 15 had peak intensities lower than the average (Figure 4.1). In general, the turns or

loops were more mobile than the regular secondary structures. Of the all secondary

structural elements only helix aB, especially its N-terminal half Leu28—Ile3l, were more

flexible than the others. All the amide protons in this helix exchanged completely with

the solvent in less than 12 hours. By contrast, most of the amide protons of the first helix

remained after more than two days of exchange with D20. The peaks of Leu28, Arg29,

Lys30 and Ile3l were much weaker than the average (Figure 4.1 and 4.7A). Va126 and

Lys38 had very weak peaks, and Thr57 was not observed in 2D lH-‘sN HSQC spectrum.

Furthermore, the number of NOEs observed for these residues was very low. Taken

together, these results suggest that conformational exchanges are occurring in the aA-aB

turn, the aB-BB link and the BC-BD loop. In other words, the ligand entrance was slightly

more mobile than most of the other parts of the molecule.

Did mutation change the dynamicalproperties of CRABPII? For the most part,

apo-R1 11M and wild-type apo-CRABPII had similar dynamic properties. Thus, both

proteins had about the same number of slow-exchanging backbone amide proteins.

Furthermore, the identities of most of the amide protons were the same for the two

proteins (Figure 4.7). However, apo-CRABPII appeared to be more mobile than apo-
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R1 11M. The spectral qualities of the apo-CRABPII deteriorated in about two weeks as

opposed to several months for apo-R11 1M. For most peaks, the wild-type protein had

slightly larger line width than the mutant so that the DQF-COSY and TOCSY

experiments did not work as efficiently for the wild-type as for the mutant.

To compare the dynamic properties of the two proteins in more detail, we

examined the intensities of the peaks in their 2D lH-‘SN HSQC spectra. The intensities of

the 2D 'H-‘SN HSQC spectrum of the mutant were quite uniform (Figure 4.7A). As

mentioned earlier, of all secondary structure elements, only three residues (Arg29-Ile3l)

at the flexible N-terminal half of the second helix showed weak peaks. The rest of the

weak peaks invariably belonged to the residues in the loops or turns. However, the wild-

type protein displayed large variations in peak intensities (Chapter 3). Most residues in

the RA-binding pocket and near the ligand entrance showed weak or no peaks in the 2D

'H-‘SN HSQC spectrum, indicating that the RA-binding pocket, especially the ligand

entrance, is rather dynamic. Most of these peaks became much stronger afler the mutation

(Figure 4.9C). In fact, most of the residues with significant intensity differences between

the two spectra were clustered in these regions. Of the 21 residues that constitute the RA-

binding pocket, all but three (Ile3l, Thr54 and Met123) showed significant increases in

peak intensities after the point mutation. In particular, the mutation stabilized the B-bulge

structure composed of residues lle9-Arg11 and Thr13l-V133. This may be due to the

attenuation of the flexibility of its neighboring residues Leu28-Ala36. The same

phenomenon was observed for the residues Ser12-Glul7, which may be caused by the

attenuation of the fluctuations of the two helices (01A and 013). The residues Lys8, Ala40,
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Figure 4.9. Relative peak intensities of the 2D IH—‘sN HSQC spectra of apo-R1 1 IM (A)

and wild-type apo-CRABPII (B) as a function of the residue number. (C) was obtained by

subtracting (B) from (A).
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LysS3, Glu62, Ile63, Leull9 and Vall35 also became much stronger after the point

mutation. Their implications will be discussed later.

Binding of RA substantially stabilized CRABPI as measured by thermal

denaturation. In particular, it stabilized the flexible parts of the ligand binding pocket in

CRABPI as revealed by NMR (Rizo et al., 1994). Our NMR studies showed that the

changes in dynamical properties caused by the point mutation were rather similar to those

induced by RA binding (Chapter 5). Thus, the dynamic properties of apo-R1 11M were

more similar to those of holo-CRABPI and holo-CRABPII than to apo-CRABPI and apo-

CRABPII. Binding of RA and the mutation caused similar changes in the dynamical

properties of CRABPII.

Roles ofArg]11 . Argl 11 interacts with the carboxyl group ofRA via a hydrogen

bond mediated by a water molecule. In Chapter 2 I have shown that Argl 11 contributes

to the binding ofRA by ~2.2 kcal/mol, indicating that Argl 11 is indeed important for the

binding of RA. X-ray crystallographic and molecular modeling studies suggest that

Argl 11 is one of the four arginine residues that generate a positive potential that may

facilitate the binding of RA (Zhang et al., 1992). The NMR results presented in this

chapter suggest an additional role for Argl 11 related to the structure and dynamics of

CRABPII.

As mentioned earlier, RA binding induces significant but localized

conformational and dynamical changes in both CRABPI and CRABPII. The ligand

entrance, in particular, is much more open and flexible in the apo-forms than in the holo-

forms. The large opening of the ligand entrance and its high flexibility are probably

essential for the unhindered entry of RA into the deep binding pocket and the subsequent .
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closure of the ligand entrance. Our NMR results show that the point mutation also causes

significant but localized changes in the conformation and dynamics of CRABPII.

Strikingly, apo-RlllM is more similar to wild-type holo-CRABPII than to wild-type

apo-CRABPII in both structure and dynamics, suggesting that Argl 11 may play a major

role in maintaining the ligand entrance in an open and dynamic state for the entry ofRA.

The next question is how Argl ll affects the internal motions of CRABPII. At

first thought, the interactions leading to the high flexibility of apo-CRABPII was the

electrostatic repulsion between the positively charged guanidinium groups of two

conserved arginines, Arglll and Arg132 in CRABPII and Arglll and Argl31 in

CRABPI (Zhang et al., 1992). However, the two guanidinium groups in apo-CRABPII

were ~7.6 A apart. Furthermore, if the electrostatic repulsion played a critical role

substitution of Argl32 with methionine would most probably change the dynamical

properties to the same extent. However, this was not supported by our NMR

characterization of apo-R132M. The qualities of the homonuclear 2D spectra of apo-

R132M were slightly better than those of the wild-type but worse than those of the apo-

R1 1 1M, suggesting that apo-R132M is less flexible than apo-CRABPII but not as rigid as

apo-R1 1 1M. For most peaks apo-R1 11M had the smallest line widths among all mutants

that we generated (V24A, R59G, L121A, M123A and R132M). Thus the electrostatic

repulsion between the two arginines is, at most, only partially responsible for the

conformational flexibility of apo-CRABP.

Other interactions contributing to the dynamical properties of apo-CRABPII were

suggested by the solution structures of apo-R11 1M and apo-CRABPII (Chapter 3). In

both structures, the guanidinium group of the Arg132 is partially exposed and surrounded
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by the side-chains of Ser12, Pro39, Thr54 (y-methyl group), Cys130 and Tyrl34. The

hydroxyl groups of Ser12 and Tyrl34 and the thiol group of Cys130 provide the

favorable polar interactions with the guanidinium group of the Argl32. In particular, the

hydroxyl group of the phenolic ring of Tyrl34 is within the hydrogen bond distance to

the Ne nitrogen of the guanidinium group of Arg132. By contrast, in the solution

structure of apo-CRABPII, the guanidinium group of Argl 11 is almost completely buried

and in an environment much more hydrophobic than that of Arg132. It is surrounded by

the side-chains of Val4l, lle43, Ile52, Thr54, Ile63, Trp109, Leul l9 and Leu121. The

hydrophobic side-chains of Val4l, Ile63, Leul l9 and Leu121 had close contacts with the

guanidinium group of Argl l l. The only favorable interactions may be between the

guanidinium group of Arglll and the aromatic ring of Trp109 and between the

guanidinium group of Argl 11 and the hydroxyl group ofThr54. As mentioned earlier, the

peaks of the residues Val41, LysS3, Glu62, Ile63, Leull9 and Leu121 became much

stronger in the 2D lH-‘SN HSQC spectrum and/or 2D homonuclear spectra after the point

mutation. It is tempting to speculate that the charged guanidinium group of Argl 11 is

mobile because of its hydrophobic environment and possibly the repulsive interaction

with Argl32. The mobility of the guanidinium group of Arglll drives the

conformational flexibility of apo-CRABPII and results in a more open conformation for

the ligand entrance. The hydrophobic side-chain of Metl 11 is preferred by the

hydrophobic environment. Binding of RA neutralizes, at least partially, the positive

charge of Argl 11 and therefore reduces the mobility of its guanidinium group. CRABPs

are most stable in the holo-forms because there are additional hydrophobic interactions

between the proteins and RA. It is noted that the guanidinium group of Argl 11 is more
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than 17 A away from the ligand entrance, the most flexible region of the apo-CRABPII. It

is not clear how the mobility of the guanidinium group propagates to the ligand entrance.
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Conclusion

The solution structure of apo-R1 1 1M, a site-directed variant of human CRABPII,

has been determined by multidimensional heteronuclear NMR. The solution structure of

apo-R1 1 1M was more similar to the crystal structure of wild-type holo-CRABPII than to

the solution structure of wild-type apo-CRABPII. The size of the ligand entrance, the

mobility of the RA-binding pocket and the ligand entrance were reduced greatly after the

point mutation Argl 11 to Metl 11. The results suggest that Argl 11 plays a major role in

maintaining the ligand entrance in an open and dynamic state for the entry ofRA.
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CHAPTER 5

NMR Studies of Human CRABPII

in Complex with All-trans-Retinoic Acid

Introduction

The crystal structures of holo-CRABPs suggest that RA cannot enter or exit the

deep binding pocket in the absence of major conformational changes in the protein

(Kleywegt et al., 1994). Indeed, significant conformational differences between the

crystal structure of holo-CRABPII and the solution structure of apo-CRABPII have been

observed, especially in the ligand entrance region (Chapter 3). In comparison to the holo

crystal structure, apo-CRABPII exhibits a concerted movement of the second helix, the

BC-BD loop and the BE-BF loop, so that the ligand entrance of apo-CRABPII is greatly

enlarged and readily accessible to RA. Furthermore, the ligand-binding pocket of apo-

CRABPII is rather disordered. The results suggest that binding of RA induce significant

changes in both conformation and dynamics of CRABPII.

This chapter describes the sequential resonance assignments and preliminary

189
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results showed that RA binds to CRABPII in solution in the same manner as determined

by crystallography and the ligand entrance of holo-CRABPII is much less flexible than

that of apo-CRABPII. Relative motions between the bound RA and human CRABPII in

solution, particularly at the ligand entrance, were detected. Such motions may provide a

transient pathway for the exit of RA.
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Experimental Procedures

Sample preparation. All-trans-RA and D20 were purchased from Sigma (St.

Louis, Missouri), dimethyl sulfoxide-d, (DMSO-d6 ) were purchased from Aldrich.

Expression of CRABPII gene and purification of the recombinant protein have

been described in Chapter 2. The NMR samples of holo-CRABPII were prepared as

follows. CRABPII was first dissolved in ~50 m1 PBS buffer (20 mM sodium phosphate,

150 mM sodium chloride with 99.6% D20, pD 7.5, uncorrected). The protein

concentration was ~40 uM. All-trans-RA was dissolved in DMSO-d6. The concentration

of the RA solution was ~3 mM. The RA solution was then added to the protein solution

by aliquots of ~5 11.1. The solution was quickly mixed by stirring after each addition. The

entire procedure was carried out in a dark room. The final DMSO concentration was less

than 1.5%. The sample was concentrated to ~06 ml. H20 sample ofuniformly l“N-labeled

holo-CRABPII was prepared similarly except that the D20 in PBS buffer was replaced by

HZO. The final protein concentrations of the NMR samples were ~2 mM.

NMR spectroscopy. Homonuclear 2D spectra of the unlabeled DZO sample and

heteronuclear 2D and 3D spectra of the uniformly '“N-labeled HZO sample were acquired

and processed as detailed in Chapter 3 and 4. The temperature was set at 25 “C.

Homonuclear 2D spectra were acquired with a spectral width of 8000 Hz in both

dimensions. The carrier frequency was 4.70 ppm (solvent resonance). The relaxation

delay was 1.2 s. The residual water resonance was suppressed by low-power



192

presaturation. One DQF-COSY spectrum, three clean-TOCSY spectra with mixing times

of 20, 33 and 50 ms, and two NOESY spectra with mixing times of 100 and 150 ms were

acquired on the D20 sample. The time domain data were composed of 2048 X 320

complex points for the DQF-COSY (128 transients) and NOESY (64 transients)

experiments and 2048 X 256 complex points for the TOCSY experiments (64 transients).

The carrier frequencies were 4.70 ppm for 1H and 121.0 ppm for 15N for the

heteronuclear experiments. A 2D lH-‘SN HSQC spectrum was acquired with the

following acquisition times and complex data points: lH (F2) 121.9 ms, 1024 and 15N

(F 1) 53.3 ms, 128 (32 transients). A 3D 1H-‘SN NOESY-HSQC spectrum (16 transients,

150 ms mixing time) and a 3D lH-‘SN TOCSY-HSQC spectrum (8 transients, 35 ms

mixing time) were recorded with the same acquisition times and complex data points: IH

(F3) 121.9 ms, 1024, lsN(132) 15.2 ms, 32, 1H (Fl) 15.2 ms, 128.
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Results and Discussion.

Protein ’H and ”N resonance assignments and secondary structures. The

protein 'H and 15N resonances (Table 5.1) were assigned by the same strategy as detailed

previously (Chapter 4). Briefly, spin system identification was achieved by the

homonuclear 2D and 3D l5N-edited TOCSY experiments. The sequential linking was

accomplished by the analyses of the 2D and 3D NOESY spectra. The assignment was

helped greatly by comparison with the sequential assignments of the wild type apo-

CRABPII and the mutant apo-R1 1 1M (Chapters 3 and 4). Secondary structural elements

were identified as described in Chapter 4. They were essentially the same as those

observed in the crystal structure except that the first helix 01A appeared to be mobile in

solution (Figure 5.1 and 5.2).

Conformational and dynamical changes in CRABPII induced by the binding

ofRA. The majority of the NOEs observed between the bound RA and the protein were

in agreement, at least qualitatively, with those predicated from the crystal structure of

holo-CRABPII, suggesting that the tertiary structure ofholo-CRABPII in solution is most

likely very similar to that in the crystalline state. In particular, the contacts between the

bound RA and the residues at the ligand entrance observed by crystallography were also

detected by NOEs, indicating that the conformation of the ligand entrance of holo-

CRABPII in solution is similar to that in the crystalline state. These NMR results further

strengthened the conclusion based on the comparison of the holo crystal structure and the
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Table 5.1. 1H and 15N chemical shifis ofhuman CRABPII in complex with

all-trans-RA in PBS at 25°C.

 

No

P1

N2

F3

S4

GS

N6

W7

K8

19

110

R1 1

812

E13

N 14

F15

E16

E17

L18

L19

K20

V21

L22

G23

V24

N25

V26

M27

L28

R29

K30

131

A32

V33

A34

A35

A36

S37

K38

P39

A40

V41

E42

143

K44

Q45

ISN

121.9

112.4

110.5

118.5

122.9

123.3

125.8

118.0

120.8

120.5

121.2

113.8

118.9

121.3

117.5

106.6

121.4

128.2

120.5

119.8

117.8

118.8

116.2

118.9

120.5

116.5

120.4

121.2

116.6

113.5

119.0

123.0

124.5

130.0

122.9

128.8

127.9

HN

9.86

8.48

9.22

8.19

9.31

10.17

8.60

9.24

7.49

8.52

7.59

7.25

8.24

7.84

7.15

7.68

7.60

8.80

8.57

7.94

7.80

8.81

7.63

7.00

8.56

8.85

7.19

8.18

8.69

7.38

7.05

8.77

7.95

9.29

9.29

9.57

8.60

HQ

4.35

5.08

4.35

4.70

4.04, 3.82

5.69

5.21

5.26

3.99

4.62

4.58

5.07

4.83

4.99

4.46

3.30

3.74

3.74

3.60

3.83

3.77

3.96

3.96, 3.61

3.74

4.42

3.49

4.13

4.09

3.58

3.90

3.75

3.88

3.50

4.15

4.24

3.96

4.22

4.80

5.09

5.03

5.22

5.35

5.38

4.65

4.51

H“

2.39, 1.92

2.98, 2.90

3.34, 3.28

4.26, 3.99

2.72, 2.55

3.23, 2.99

1.98, 1.88

1.91

1.70, 1.70

3.59, 3.33

1.94, 1.94

3.35, 3.16

2.99, 2.72

1.85, 1.85

1.87, 2.16

1.86, 1.69

1.66, 1.60

1.93, 1.63

2.15

1.84, 1.58

1.47

3.17, 2.64

2.07

2.13, 1.98

1.80, 1.64

1.95

1.91, 1.91

1.91

1.18

2.07

1.47

1.51

0.86

3.98

1.90, 1.61

1.92, 1.87

1.37

1.88

2.08, 2.02

2.26

1.87, 1.76

1.84, 1.79

Others

1112.11, 2.11; 11° 3.35, 3.28

yN 112.5;yN11, 7.75, 7.02

2, 6H 7.43; 3, 5H 7.38; 4H 7.17

2H 6.80; 4H 7.07; 5H 7.26; 6H 6.81;7H 7.14

N“ 124.8; H“ 9.17

H" 1.68, 1.63; H“ 1.37, 1.33; H“ 2.87, 2.83

H""' 0.83

H" 2.09, 2.19

2, 6H 7.06; 3, 5H 6.64; 4H 6.59

H" 1.98, 2.17

H" 2.27, 2.27

H“ 0.81, 0.81

H" 1.17; H6 0.32, 0.22

H" 1.56, 1.35; H“ 2.82, 2.93

H" 1.10, 0.94

H“ 0.92, 0.70

H" 0.82, 0.82

yN 112.4;er12 7.71, 6.92

H" 0.97

H" 2.60, 2.45

H" 1.33; H“ 0.88, 0.77

H" 1.72 1.53; H“ 1.45, 1.45; H“ 2.90, 2.90

H"'“ 0.83

H" 1.03, 0.96

H" 1.42, 1.31; H" 2.95, 2.95

H“ 3.65, 3.55

H" 0.76, 0.44

H"2.27, 2.27

H" 1.67, 1.34; H“ 0.48; H""' 0.85

H" 1.49, 1.36

H"2.04, 2.04
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No

E46

G47

D48

T49

F50

Y51

152

K53

154

S55

T56

157

V58

R59

T60

T61

E62

163

N64

F65

K66

V67

G68

E69

E70

F71

E72

E73

Q74

T75

v76

D77

G78

R79

P80

C81

K82

S83

L84

V85

K86

W87

E88

889

E90

N91

K92

M93

ISN

128.7

117.5

126.5

116.6

124.1

122.5

123.3

133.4

124.7

123.1

113.5

109.5

119.0

122.7

117.2

122.9

116.8

120.2

116.8

120.8

127.3

114.8

120.1

130.3

121.3

119.4

120.3

118.1

111.7

122.4

112.3

107.0

120.7

118.8

119.8

124.7

120.5

130.0

123.6

120.1

127.7

112.4

117.1

111.0

119.9

127.0

HN

8.53

9.30

8.56

8.08

9.10

8.35

8.35

9.31

8.84

9.56

7.74

6.71

7.09

8.73

8.72

8.77

8.29

8.10

8.36

9.35

8.98

8.93

7.96

9.25

9.06

8.72

8.44

7.68

9.25

9.25

8.75

7.96

7.91

8.85

8.89

9.05

7.34

9.24

8.47

8.69

9.25

8.60

8.72

8.05

7.83

9.40

HG.

4.37

3.96, 3.61

5.21

4.66

4.63

5.33

4.62

5.14

4.79

5.25

4.93

3.98

4.48

4.76

5.32

4.64

4.85

4.93

5.59

4.70

5.30

3.24

4.42, 3.62

4.76

4.80

5.14

5.05

4.76

5.32

4.61

3.95

4.46

4.06, 3.59

4.70

4.65

5.09

4.75

4.86

4.25

4.38

4.51

5.14

4.37

4.57

3.68

4.97

5.52

5.21

H3

1.80, 1.66

3.16, 2.72

4.15

2.57, 2.57

3.03, 2.69

1.89

1.71, 1.67

3.83

3.82, 3.77

4.33

4.18

2.18

2.02, 1.91

3.93

3.98

1.94, 1.94

1.90

2.58, 2.53

2.13, 2.13

1.65, 1.60

1.88

2.04, 1.92

2.00, 1.91

3.57, 3.18

1.96, 1.92

2.04, 1.92

1.69, 1.73

4.15

2.12

2.82, 2.13

1.80,].56

2.62, 2.17

1.58, 1.50

2.78, 1.54

1.60, 1.30

1.37

1.64, 1.45

3.26, 3.00

1.98, 1.69

4.14, 3.99

1.87, 1.80

3.18, 2.88

2.01, 1.95

1.80, 1.80

Others

H" 2.01, 2.01

H" 1.01

2, 6H 6.46; 3, 5H 6.81; 4H 7.09

2, 6H 6.93; 3, 5H 6.61

H" 1.35, 1.35; H""1 0.28; H“ 0.37

H" 1.60, 1.48; H" 1.17; H‘ 2.81, 2.81

H" 0.85

111 1.18

H" 1.32

117 0.81, 0.81

111 1.65, 1.49

111 1.06

H" 0.97

111 2.21, 2.10

111 1.33, 0.75; 1115 0.84; 111'“ 1.06

yN 113.0; yNH, 7.62, 6.93

2, 6H 6.20; 3, 5H 6.51; 4H 6.28

H” 1.53, 1.47; H‘ 2.94, 2.94

1170.66, 0.45

H" 2.16, 2.16

H" 2.22, 2.17

2, 6H 7.24; 3, 5H 6.83; 4H 6.47

H"2.33, 2.14

H" 2.16, 2.16

H"2.24, 1.99

H" 1.07

H" 1.18, 0.86

H" 1.27, 1.27; H‘ 2.80, 2.80

H" 1.17; H“ 0.73, 0.69

H" 0.24, 0.00

H" 1.52, 1.27; H“ 1.15

2H 7.32; 4H 7.98; 5H 6.85; 6H 7.23; 7H 7.63

N1 129.5; H‘ 10.68

H" 2.16, 2.02

111 2.09, 2.09

yN 112.6; yNH2 7.49, 6.84

HY 1.49, 1.49

1112.07, 1.99; Hc 0.43
 



No

V94

C95

E96

Q97

K98

L99

1100

K101

(3102

13103

6104

P105

K106

1107

8108

W109

T110

R111

E112

L113

T114

N115

D116

G117

E118

L119

1120

L121

T122

M123

T124

A125

D126

D127

V128

V129

C130

T131

R132

V133

Y134

V135

R136

E137

ISN

118.8

127.1

127.5

120.7

122.8

125.9

121.5

117.5

108.7

116.8

108.8

123.6

119.0

112.1

116.2

110.8

119.9

123.1

126.4

116.9

115.6

107.6

117.4

124.5

125.1

135.4

119.3

121.2

115.6

125.4

122.2

121.1

123.3

125.6

129.7

124.5

128.6

122.7

126.7

112.0

122.3

126.5

HN

8.80

8.87

7.67

7.41

8.96

8.84

7.74

8.03

8.27

8.17

8.16

8.58

8.80

7.80

8.26

9.58

8.81

8.91

8.23

9.38

7.74

7.98

7.42

8.92

9.51

9.98

9.15

9.28

8.27

8.40

9.26

8.49

8.41

8.42

9.59

8.45

9.85

8.56

9.79

9.52

8.44

8.10

HQ

4.30

4.51

4.35

4.93

4.59

4.02

4.10

4.42

4.06, 3.75

4.61

4.14, 3.93

4.51

4.47

5.39

4.70

5.79

5.24

5.62

5.80

5.31

4.60

4.46

4.76

4.19, 3.70

4.98

5.13

4.98

5.61

5.85

5.16

5.48

4.88

4.16

4.52

3.95

4.42

5.20

5.08

5.09

4.98

5.61

5.35

3.88

3.87

HB

1.80

0.41 —0.27

1.90, 1.80

1.77, 1.77

1.53, 1.53

1.64, 1.47

1.65, 1.48

1.80, 1.80

1.80, 1.80

2.03, 2.03

1.80, 1.80

4.49

3.93, 3.77

3.53, 3.33

3.96

1.80, 1.50

1.95, 1.95

1.28, 0. 75

4.761

2.82

2.81, 2.42

1.83, 1.72

0.87

1.82

1.90, 1.34

4.05

1.84, 1.80

3.96

1.04

2.75, 2.75

2.68, 2.68

2.14

1.84

2.73

3.76

1.75, 1.61

1.71

3.03, 3.03

2.39

1.32, 1.09

1.81 1.69

196

Others

H" 0.86, 0.75

H" 2.14, 2.14

H" 2.43, 2.04

H" 1.26, 1.26; H‘ 2.79, 2.79

H" 1.38; H“ 0.67, 0.67

H" 1.28; H“ 0.78

H" 1.53, 1.37

H" 2.13, 1.98

H" 1.85, 1.73; H“ 3.61, 3.25

H" 1.53, 1.42

H" 1.15

2H 6.92; 4H 6.90; 5H 6.35; 6H 6.44; 7H 6.67

N‘ 138.1; H‘ 11.38

H" 1.00

H" 1.32

H"2.04, 2.04

H" 1.12, H“ 0.46, 0.46

H" 1.26

yN 112.6; yNH2 7.65, 6.95

H" 2.04, 1.91

H" 0.46; H“ 0.15, —0.25

H“ 0.78, 0.71

H" 1.09

H"2.64, 2.33 H“ 1.63

H" 1.00

H" 0.92, 0.69

H" 0.78, 0.70

H" 1.00

H" 0.86, 0.86

2, 6H 6.83; 3, 5H 6.46

H" 1.06, 0.86

H" 0.58, 0.04; H“ 2.81, 2.73

H" 2.07 2.07
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Figure 5.1. Strip plots extracted from the 150 ms mixing time 15N-edited NOESY-

HSQC spectrum of the hole-form CRABPII showing the NOE connectivies for residues

Met27-Lys38.
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Figure 5.2. Summary of the sequential and medium-range NOEs involving backbone HN

and Hcl atoms and the deduced secondary structures ofhole-CRABPII. Line thickness for

dGIN and dNN sequential NOE distances reflects the intensities ofthe cross peaks.
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apo solution structure that RA binding induces significant conformational changes at the

ligand entrance (Chapter 3).

Dynamical changes upon binding of RA were evidenced by the differences in

peak intensity between the 2D lH-‘SN HSQC spectra of apo- and holo-CRABPII (Figure

5.3 and 5.4) and the differences in the number and intensity of the observed NOEs.

Remarkable differences were observed in the second helix, which is part of the ligand

entrance. It had a typical 111-helical NOE pattern in the holo-form (Figure 5.1 and 5.2) but

no such pattern was observed in the apo-form. Furthermore, the residues in the second

helix had much more intense cross peaks in the 2D lH-"lN HSQC spectrum of the holo

form. The second helix is apparently disordered in the apo form (Chapter 3). Other

residues at the ligand binding pocket also showed more intense cross peaks in the 2D 'H-

15N HSQC spectrum upon binding of RA, including Thr56-Ile63, Val76-Gly78, Leu121,

Arg132 and Arg134. Thr56-Ile63 and Val76-Gly78 constitute the [SC-[3D loop and the

BE-BF loop, respectively, at the ligand entrance. Leu121, Arg132 and Arg134 are located

at the bottom of the binding pocket. Their side-chains interact with the carboxyl group of

RA. The results suggest that while the ligand binding pocket of apo-CRABP undergoes

conformational exchange, the conformational exchange is greatly reduced upon binding

of RA. Similar ligand-induced dynamical changes have been observed in the NMR

studies of CRABPI (Rizo et al., 1994) and intestinal fatty acid binding protein (I-FABP)

(Hodsdon et al., 1995; Hodsdon et al., 1996; Hodsdon & Cistola, 1997a, b).

The stability of the ligand entrance in holo-CRABPS may be brought about by the

hydrophobic interactions between the isoprene tail of RA and the protein. However, not

all HSQC cross peaks in CRABPII became stronger after the binding of RA. The cross
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Figure 5.3. Gradient- and sensitivity-enhanced 2D lH—‘sN HSQC spectrum ofunifonnly

l5N enriched of the wild type holo-CRABPII in complex with all-trans-retinoic acid.

Sequential assignments are indicated with one-letter amino acid code and residue number.
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Figure 5.4. Relative peak intensities of the 2D lH—-‘5N HSQC spectra of apo-CRABPII

(A) and holo-CRABPII (B) as a fimction of the residue number. (C) was obtained by

subtracting (B) from (A).
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peaks of Ser12, Glu13, Asn14, Glu16 and Glul7 could not be observed in the 2D lH-‘SN

HSQC spectra. The cross peaks of IlelO, Argl l, PhelS, Leul9 were very weak. Leu18

probably was also weak. These residues became more flexible afier the binding of RA.

Their high mobility compensates, at least partially, the decrease in entropy caused by

ligand binding.

’H resonance assignments of CRABPII-bound RA. The 'H resonances of the

bound RA were assigned by analysis of the homonuclear 2D DQF-COSY, TOCSY and

NOESY spectra of holo-CRABPII recorded in D20. The olefinic protons were well

resolved from the protein resonances. Through-bond correlations could be clearly

identified for CH(7), CH(8), CH( 10), CH(l 1) and CH(12) protons (Figure 5.5). CH(l l)

was assigned by its distinct through-bond correlation pattern. The remaining olefinic

protons were assigned based on their NOE patterns (Figure 5.6). The methyl protons of

CH3(18), CH3(19) and CH3(20) were assigned based on their NOEs to olefinic protons.

The assignments of the methyl protons of CH3(16) and CH3(17) were tentative. None of

the methylene protons of CH2(2), CH2(3) and CH2(4) of B-ionone ring was assigned at

present. The 1H chemical shifts of the RA bound to human CRABPII (Table 5.2) were

almost identical to those reported for the RA bound to mouse CRABPII (Norris, et al.,

1994) except for CH(12) which differed by ~O.2 ppm. The chemical shifts of the

CRABPII-bound RA protons were also similar to those of free RA in CC], except for

CH(8), CH(l l) and CH3(20) protons, which were 6.06 ppm, 6.96 ppm and 2.36 ppm in

CC14, respectively (Waterhous & Muccio, 1990).

Conformation and dynamics ofbound RA. Most of the NOEs observed for the

bound RA (Table 5.3, Figure 5.6 and 5.7) were consistent with the distances measured
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Table 5.2. 'H resonance assignment of retinoic acid bound to human CRABPII in

PBS at 25°C.

 

Olefinic proton (CH) CH(7) CH(8) CH(lO) CH(ll) CH(12) CH(14)

Chemical shift (ppm) 6.08 6.36 6.22 6.47 6.14 5.62

Methyl protons (CH3) CH3(16)’ CH3(17)' CH3(18) CH3(19) CH3(20)

Chemical shifi (ppm) 0.90 0.99 1.66 1.92 1.97

 

' the individual assignments of CH3(16) and CH3(17) were assigned tentatively.
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Table 5.3. The relative intramolecular NOE volumes “ of RA bound to human CRABPII

in PBS at 25°C (the mixing time was 100 ms).

 

Proton pair

Relative NOE volume

Proton pair

Relative NOE volume

Proton pair

Relative NOE volume

Proton pair

Relative NOE volume

Proton pair

Relative NOE volume

7-8

4.8

8-10

40.0

10-11

38.3

8-19

33.6

12-20

18.5

7-10

1.9

8-12

16.1

10-12

43.1

11-14

30.0

12-14

100.0

7-16

34.0*

8-14

10.7

10-14

36.7

11-12

9.1

14-20

strong"

7-17

40.1*

8-16

31.8*

10-18

33.2

11-19

strong“

7-18

26.9

8-17

31.6*

10-19

30.5

11-20

strong"

7-19

45.0

8-18

45.6

10-20

6.0

12-19

12.3

 

“ The NOEs were picked by the program NMRCOMPASS 2.5 (Molecular Simulations)

from the homonuclear 2D NOESY spectrum with a mixing time of 100 ms. The relative

volumes were obtained by integration using NMRCOMPASS.

'These intramolecular NOE peaks may be overlapped with intermolecular ones.

" Strong peaks but no accurate values could be obtained because of overlapping.
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Figure 5.5. Part of the 2D TOCSY spectrum with 33 ms mixing time ofthe RA bound to

human CRABPII at 25°C. The CH(7), CH(8), CH(lO), CH(l 1), CH(12) and CH(14)

protons are labeled.
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Figure 5.6. Part of the NOESY spectrum with 100 ms mixing time of the holo-CRABPII

in complex all-trans-RA at 25°C showing its intramolecular NOEs and the intermolecular

NOEs between RA and Phe15 of the protein. The identities of the NOEs are as follows.

A, CH(14)-CH(11); B, CH(14)-CH(8); C, CH(14)-CH(10); D, CH(14)-CH(12); E,

CH(10)-CH(12); F, CH(lO)-CH(7); G, CH(8)-CH(10); H, CH(8)-CH(12);

I, CH(8)-CH(7); J, CH(1 l)-CH(12); K, CH(11)-CH(10); a, 2, 6H(F15)-CH(14);

b, 4H(F15)-CH(14); c, 3, 5H(F15)-CH(14); d, 4H(F15)-CH(12); e, 3, 5H(F15)-CH(12); f,

4H(F15)-CH(10); g, 3, 5H(F15)-CH(10); h, 4H(F15)—CH(8); i, 3, 5H(F15)-CH(8);

j, 4H(F15)-CH(11); k, 3, 5H(F15)-CH(14).
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Figure 5.7. The relative volumes (V "”6) of some of the NOEs observed for the bound

RA vs. the internuclear distance (r) measured from the crystal structure ofthe holo-

CRABPII in complex with all-trans-RA. The straight line represents a linear relationship

between the relative volume and the distance.
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from the crystal structure of holo-CRABPII (Kleywegt et al., 1994), suggesting that the

conformation of the bound RA in solution is similar to that in the crystalline state. The

few discrepancies between the observed NOEs and the distances measured from the holo

crystal structure were probably caused by the internal motions of the bound RA in

solution rather than a different conformation as discussed below.

It is well known that NOE between an isolated pair of protons H,-H2 is

proportional to cross-relaxation rate 0, which is determined by the internuclear distance r

between the two protons and the spectral densities J‘q’(00) at two frequencies (Chapter 1).

o (HlHHZ) = 74Hh2/4r“ {6.10" (20)") - J ‘0" (0)}

where y” is the proton gyromagnetic ratio. However, for a pair of protons belonging to a

protein or a ligand bound to a protein the situation is usually much more complicated. In

particular, internal motions may have significant effects on the spectral density.

Furthermore, cross-correlation with additional spins may also change the apparent cross-

relaxation rate (Werbelow & Grant, 1977). While these factors may complicate the

accurate measurement of inter-proton distances, they are also part of the basis for

studying internal motions of biomacromolecules. If two pairs of protons in the same

molecule have the same inter-nuclear distance but different NOE intensities, it suggests

that their motions relative to other parts of the molecule are different.

Analysis of the intramolecular NOEs of the bound RA indicated that all NOEs

involving CH(7) are weaker than expected. For example, the distances between CH(7)

and CH(8), between CH(lO) and CH(1 1) and between CH(1 l) and CH(12) protons all are

~3.0 A. Medium NOE cross-peaks are expected for all three pairs of protons if their
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relaxation times (T, and T2) are much longer than the mixing time (100 ms) and their

positions in the binding pocket are fixed. However, the volume of the NOE cross-peak

between CH(7) and CH(8) was significantly lower that those of the other two pairs of

protons (Table 5.3 and Figure 5.6 and 5.7). By contrast, the corresponding peaks in both

2D DQF-COSY and TOCSY spectra were all relative strong (Figure 5.5), indicating that

the relaxation times of these protons were similar to the others, and were longer than the

100 ms mixing time. The weakness of the NOE cross-peaks involving CH(7) was most

likely due to the relative motions ofthe proton.

The nature of such relative motions could be either intramolecular or

intermolecular. For RA, if disregarding the methyl groups, the possible intramolecular

motion is about the 6-s bond (Honig et al., 1971), which affects the NOEs of the protons,

among the others, CH(7) and CH(8). The intermolecular motions could be either the

whole RA molecule moves as a unit relative to the protein or local motions restricted to

certain parts of the RA molecule. The motions of the whole RA molecule would attenuate

the intensities of all the NOEs involving the RA protons to similar extent. Thus, the

attenuation of the peak intensity is most likely due to the local motions relative to a

portion of RA. The weakness of the CH(7)-CH(8) cross-peak can be caused by either

intramolecular motions about 6-s bond or local intermolecular motions restricted to their

locations. In either case it suggested that the ionone ring of the bound RA is not fixed as

snugly in the protein as suggested by the crystal structure ofholo-CRABPII.

The NOEs involving CH(14), on the other hand, were all stronger than the

average. In fact, the NOE peaks between CH(8) and CH(14) and between CH(10) and

CH(14) protons were stronger than that between CH(7) and CH(8) protons (Table 5.3). In
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the crystal structure of holo-CRABPII, the distances between the CH(lO) and CH(14)

protons, between the CH(8) and CH(14) protons and between the CH(7) and CH(8)

protons were ~4.8 A, ~6.8 A and ~3.0 A, respectively. Obviously, spin diffusion

contributed to the appearance of the NOE cross-peak between CH(8) and CH(14) protons

and to the strength of the NOE cross-peak between CH(lO) and CH(14) protons. The spin

diffusions could be mediated by protons on the protein and/or RA. Since only the methyl

group of Met123 is within 3 A distance of CH(14) and the methyl group is ~7.5 A away

from CH(8), the spin diffusions are most likely through CH(12). Since only a structure

rigid on the time scale relevant to the NOESY experiment can provide efficient pathways

for spin diffusion, it suggests that the carboxylate end of the isoprene tail was essentially

immobile relative to the protein.

Very interestingly, the rigidity of the carboxylate end of the isoprene tail and the

flexibility of the B-ionone of the bound RA molecule correlate well with the binding

affinities and specificity of CRABPs for the retinoids. It has been shown that the

carboxylic group is critical for RA to bind to CRABPS, while the modifications at the B-

ionone ring and the C-7 and C-8 positions can be tolerated.

Our conclusion of the flexibility of the bound RA relative to the protein appears to

be inconsistent with what was reported for mouse holo-CRABPII (Norris, et al., 1994).

Their conclusion of a single, static conformation of the bound RA at the 6-8 bond was

based solely on intramolecular NOEs between the olefinic protons and the methyl

protons. It was derived under the assumptions that both the protein and RA are rigid, and

the NOE volume is proportional to r‘“. Furthermore, only three NOEs picked from an

NOESY spectrum with 30 ms mixing time had values much higher than the noise. All
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others have intensities similar to the noise. In fact, most NOEs involving CH(7) were also

lower than expected by their model, suggesting that there are also motions in the RA

bound to mouse CRABPII. Interestingly, similar intermolecular motions of the bound RA

relative to the protein was observed in mouse holo-CRABPI.

A mechanism for the exit of RA. The intensities of most of the intermolecular

NOEs between the bound RA and the protein agreed, at least qualitatively, with those

predicted from the crystal structure (Table 5 .3). However, differences between the

solution and crystalline state were also observed. The predicted NOEs between the H“

protons of Arg59 and CH(7) of the bound RA, between the H“ protons of Arg59 and

CH(8) and between the H“ protons of Leu19 and CH(8) were not observed, and the

intensity of the NOE between the H‘3 protons of Ala32 and CH(7) was much lower than

predicted. The intensities of these NOEs must be attenuated by intermolecular motions.

In the holo crystal structure, the side-chain of Arg59 extended from the BC-BD loop to

the Glu74 at the C-terminus of BB. The motion of this side-chain relative the bound RA

could temporarily open up the ligand entrance. Such flexibility may be necessary for the

exit of the bound RA.
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Conclusion.

The lH and [5N resonance assignments of holo-CRABPII have been completed.

Most of the observed intermolecular NOEs between the protein and bound RA and the

intramolecular NOEs of the bound RA are, at least qualitatively, consistent with those

predicted from the crystal structure of holo-CRABPII. The results suggested that RA

binds to CRABPII in solution in the same manner as determined by crystallography.

Comparison of the intensities of backbone amide resonances between apo- and holo-

CRABPII indicated that the ligand entrance of holo—CRABPII is much less flexible than

that of apo-CRABPII. Relative motions between the bound RA and human CRABPII in

solution, particularly at the ligand entrance, were observed. Such motions may provide a

transient pathway for the exit of RA.
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