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Chapter 1

Introduction



For a long time X-ray crystallography was the only technique available for

determining the three dimensional structure of proteins. The method has been highly

successful and by now over 300 protein structures have been solved. Nevertheless, a

limitation of the method is that proteins must be available in crystalline form.

Of more recent date is the notion that nuclear magnetic resonance (NMR) can

provide information from which the solution structures of biomolecules can be derived.

Using NMR it is possible to measure the distance between two nuclei. The dipole-dipole

interaction between them will result in magnetisation transfer, i.e. the nuclear

Overhauser effect (NOE). Since the NOE can be measured in solution, no crystals are

needed. A prerequisite for structure determination is that most resonances have been

assigned. The development of the two-dimensional (2D) NMR techiques made it

possible to assign most proton resonances for proteins with a molecular weight smaller

than ca. 15 kDa. Also the availability of stable high-field magnets was essential for the

results obtained by NMR over the last decade.

This thesis decribes the use of NMR to derive high resolution structures of proteins

in solution (chapters 2 and 3) and the application of NMR to a problem in molecular

biology, i.e the specific recognition of DNA sequences by proteins (chapters 5-6). In the

following a short introduction to these subjects will be given.

BIOMOLECULAR STRUCTURES FROM NMR

As already mentioned, the dipole-dipole interaction between protons is the basis

for structure determination by NMR. In the 2D NOE spectra, this interaction results in a

set of off-diagonal cross-peaks [1]. The intensity of these cross-peaks wili depend on the

distance between the protons and the time during which the protons are allowed to

interact with each other, the mixing time [1]. For instance, for longer mixing times

(200-300 ms) a proton will show NOEs with all protons which are within a distance of ca.

5 A.

The information present in 2D NOE spectra is used in two ways. First, the

sequential NOEs between the backbone amide and Ca protons are used for the

resonance assignment. Two short distances, between the Ca proton of residue i and the

amide of i+1 (daN) and between the amide protons of neighbouring residues (dNN), give

rise to these connectivities. Secondly, the NOEs contain information required for

structure determination. The secondary structure is determined by medium range NOEs

and the intensities of the d a N and d N N connectivities [1], For instance, for an extended

backbone conformation the d a N connectivities are strong whereas the d N N connectivities

are weak or absent. In helices the opposite applies and furthermore, the distance

between the Ca proton of residue i and both the amide and CP protons of residues i+3



will be short enough to give NOEs, d n N (i,i+3) and dap (i,i+3) connectivities, respectively.

The d a N (i,i+4) connectivities are typical for a helices whereas 310 helices and tight

turns show NOEs between residues i and i+2. The tertiary structure is predominantly

determined by long range NOEs, i.e. those between protons of residues which are

separated by more than four positions in the sequence. Therefore, NMR based

structures rely on the availability of a consistent set of these long range NOEs.

The next step is to translate these long range NOEs or distance constraints into

actual 3D structures. In recent years several computational methods have been used for

this purpose. The distance geometry (DG) algorithm [2-4] tries to fold the peptide

backbone in such way that all distance constraints can be satisfied. Usually, this

procedure does not yield one unique structure. Therefore, it is repeated several times

until a family of related structures is obtained. The differences between the structures

can be considered to be a measure of the resolution. To improve the sampling of the

allowed conformational space for a given set of distance constraints one can use

distance bounds driven dynamics (DDD) [5,6]. Starting from a structure, for instance

obtained by distance geometry, Newtons equations of motion

SV
m. r. = (1)

are solved. The energy function is the same as used in the distance geometry

optimisation step. It contains the difference between the proton-proton distance in the

input structure and the distance measured by NMR and a chiral error function. In this

way the structure is 'shaken up'.

The structures obtained in this way can be further refined taken into account an

energy function with a true physical meaning. In restrained molecular dynamics MD [7,8]

again Newtons equations of motion (Eq. 1) are solved. The energy function has the

form:

V = Vbo^ + Vang,e + Vdihr + VvdW + V ^ i ^ t , + Vdc. (2)ang,e + Vdihr + VvdW + V ^ i ^ t , + Vdc.

Here, Vb o n d and Vang|e keep the bond lengths and angles close to their equilibrium

values. Vdjhr describes rotation around bonds using a sinusoidal potential. V v d W is

usually described by a Lennard-Jones potential and VCOU|Onnb takes electrostatic

interactions into account. The last term, Vdc, is a pseudo potential that accounts for the

distance constraints, in a similar way as described above for the DDD algorithm.

Sofar the distance constraints have not been considered in detail. There are

several ways to handle the NOE information derived from the spectra. They can be used

in a qualitative manner: if an NOE is detected between two protons the distance



between them must be shorter than 5 A [5]. To handle the information in a quantitative

manner, the NOE intensity must be measured for several mixing times. In a first

approximation, the coss-relaxation rate (a,j) is determined from the initial build-up rate

and assumed to be proportional to the inverse sixth power of the distance (d,,) [1]:

oij = kdi,-6 (3).

In this way proton-proton distances can be obtained which can be used in the DG, DDD

or restrained MD calculations.

However, the NOE intensity can be affected by spin diffusion [9], In particular, if the

protons are relatively far apart, the distance calculated according to Eq. 3 can be shorter

that the real distance [10]. The contribution of spin diffusion can be calculated by so'ving

the Bloch equations for the complete set of dipolar coupled protons [10,11]. An iterative

relaxation matrix approach (IRMA) [12,13] has been proposed which takes into account

the effect of spin diffusion on the NOE intensities. Based on a model structure for the

biomolecule, improved proton-proton distances can be obtained which in turn can be

used to derive a better structure.

PROTEIN-DNA INTERACTION

The helix-turn-helix motif.
In the early eighties the X-ray structures of several DNA binding proteins were

solved, i.e. the catabolite gene activating protein (CAP) [14], and the cl repressor (or >.

repressor) [15] and cro repressor [16] of bacteriophage X.

Both X repressor and cro control the life cycle of the phage by binding to specific

operators on the DNA. These operators span approximately two helical DNA turns and

are nearly symmetric. In the crystal structure each cro monomer contains three a helices

and three antiparallel (3 sheets [16]. Although it is present as a tetramer in the crystals it

is believed to be a dimer in solution. A cro dimer has a 2-fold axis that coincides with the

2-fold axis of the operator DNA. In this arrangement the distance between the a3 helices

of each subunit is 34 A. Furthermore, the helices are inclined at an angle of 32° (Fig. 1).

This arrangement corresponds very well with the distance of 33.8 A between two

successive major grooves in regular B-DNA. Therefore, it was suggested that the 0.3

helices of each cro subunit interact with the bases of the operator in the two major

grooves on either side of the operators dyad axis. The angle of 32° is then required to fit

the helices nicely into the groove (Fig. 1) [16,17].

The crystal structure of CAP showed that a similar arrangement of helices is

present in this protein as well and thai it can bind the DNA in a similar manner as cro



Figure 1. The possible mode of binding of cro to the DNA. The helix-turn-helix motifs (a2

and cc3 helices) of each monomers interact with the DNA. The recognition helices (a3) fit

in two successive major grooves.

does [18]. Furthermore, the comparison showed that both CAP and cro contain a

two-helical substructure which is very similar in both proteins. In cro this, so-called,

helix-turn-helix motif comprises helices 2 and 3. Since the second helix of the motif

interacts with the major groove, i.e. a 3 of cro, it is called the recognition helix.

The crystal structure of the operator binding domain of X. repressor (cl), residues 1 to 92,

showed that this protein also contains a helix-turn-helix motif [15] and the same was

found later for trp repressor [19]. Furthermore, the structure of the trp aporepressor

(which has a low affinity for DNA) showed how the binding of two molecules

L-tryptophan transforms the repressor into its active form [20]. In the aporepressor the

distance between the recognition helices is roughly the same as in the active repressor

but they are tilted such that a snug fit with the DNA is not possible anymore, i.e. the

inclination angle is smaller (see Fig. 1). Binding of tryptophan causes the most

prominent conformational changes in the helix-turn helix motif in such way that the

recognition helix can be positioned with exactly the proper angle into the major groove.

The amino-acid sequences of cro and CAP are homologous in the peptide

segment that forms the bihelical structure. Also the primary structures of many other

DNA-binding proteins have regions that are homologous indicating that they could also

contain a helix-turn-helix motif, i.e. both cl (repressor) and ell proteins of phage X, the

repressor of phage P22, and 434-cro and repressor [21,22]. The first 26 amino acids of

lac repressor have a striking homology with the sequence of CAP, on the level of both

the protein sequence and the DNA. This leads to the suggestion that these residues of

lac would be folded similarly to the a 2 and a3 helices of cro [23].

NMR studies on the amino-terminal DNA-binding domain of lac repressor (lac



headpiece) revealed that it indeed contains a helix-turn-helix motif [5]. Recent NMR data

imply that also the homeodomain of the antennapedia protein from Drosophila contains

this bihelical substructure [24].

A comparison of all X-ray structures present in the Brookhaven Protein Data Bank

showed that the helix-turn-helix substructure is unique for the DNA binding proteins. The

root-mean-square (rms) variation of the 21 C a carbons of the canonical helix-turn-helix

motif of these proteins is smaller than 0.9 A [25]. Only three proteins were found that

contain a substructure which slightly resembles the helix-turr.-helix motif (rms

differences from 1.4-1.6 A). For all possible 21 C a carbons substructures of the other

proteins the differences are much larger, resulting in roughly a Gaussian distribution

from 2.5 to 11.0 A with the bulk around 7.0 A.

The helix-turn-helix motif is the best characterized structural element which is used

by proteins to mediate specific DNA recognition. Over the past few years evidence has

been obtained that other substructures are used for DNA binding as well. Several

eukaryotic proteins contain so-called Zinc fingers. In these proteins small sequence

units are repeated in tandem and it has b«en proposed that each subunit is folded about

a Zn atom to form separate structural domains [26,27]. The arc and mnt proteins of

bacteriophage P22 are supposed to bind the DNA with a (3 sheet [28,29].

Crystal structures of protein-DNA complexes.

Since mutations of both the operator regions of DNA and the repressor protein

have effect on binding, it is reasonable to assume that specific recognition involves a

well-defined set of hydrogen bonds and hydrophobic interactions between base pairs of

the operator and side chains of the repressor. If this is true, the interaction should take

place in the major groove [30] because only here the base pairs can be distinguished in

terms of hydrogen bond acceptors and donors. Also the methyl group of thymine, which

can engage in hydrophobic contacts, is located in the major groove. The crystal

structures of several complexes reveal that indeed hydrogen bonding and hydrophobic

interactions play an important role in the binding.

The complex of the X repressor DNA-binding domain with a 20 base pair DNA

fragment containing the OL1 operator has been solved at 2.5 A resolution [31]. The

protein binds the DNA as a dimer and the complex is almost symmetric. The recognition

helix (residues 44 to 52) is situated in the major groove and its orientation is such that

the first helix of the DNA binding motif is pointing away from the dyad axis of the

operator (Fig. 2). This orientation is in agreement with the earlier predictions (Fig. 1).

The first two residues of this helix make hydrogen bonds with base pairs towards the

ends of the operator, i.e. Gln-44 and Ser-45 with the base pairs in postions 2 (AT) and 4

(C-G), respectively. Furthermore, Ser-45 and Gly-46 are also involved in a hydrophobic

contact with the methyl group of base pair 5. The methyl of thymine 3 is in a hydrophobic



Figure 2. Sketch of the

hydrogen bonds which are

found m the complex of A

repressor. (taken from ref.

33)

pocket formed by Gly-48 and Ala-49. Two residues outside the recognition helix make

hydrogen bonds with base pairs in the major groove. These are Lys-4 and Asn-55,

which are located in the amino terminal arm and in the loop between helices 3 and 4,

respectively. Both residues make hydrogen bonds with base pair 6 (C-G) close to the

dyad axis of the operator. In order to make the contact between Lys-4 and base pair 4,

the amino terminal arm of the repressor has to wrap round the DNA. This is in

agreement with predictions based on biochemical experiments in which the intact

repressor protects G-6 against methylation in contrast to a repressor that misses the first

three residues [32]. In the /. repressor complex an impressive network of hydrogen

bonds with as many as ten phosphates of the DNA backbone is present. On the protein

side they involve residues of helix 1, the -NH2 terminus of helix 2 (Gln-33) and helix 3

(the amide of Gly-43 and the side chain of Asn-52).

In the complexes of both 434 repressor [33,34] and Cro [35] with their respective

operators the orientation of the helix-turn-helix motif is the same as for the complex of X

repressor. Also in these cases the specific contacts are determined by hydrogen bonds

and hydrophobic interactions. Furthermore, these contacts involve amino acid residues

and base pairs which are in comparable positions as in the A. complex. Comparison of

the crystal structures of the complexes of 434 Cro [35] and 434 repressor [34] with the

same operator fragment suggests that the conformation of the DNA could play a role in

the recognition proces. In the complex with Cro the DNA is straight and uniformly

overwound in contrast to the repressor complex where the widths of the minor and major

grooves show large variations. Therefore, it seems that the DNA is able to adopt its

structure to the protein in order to allow specific hydrogen bonds and hydrophobic

10



interactions to establish.

The complexes of 434 repressor and Cro and X repressor use a direct readout of

the information encoded in the major groove of the DNA. By contrast, in the crystal

structure of the trp complex [36] no direct contacts are present that have been shown in

vivo to be important for recognition. Instead, many contacts are indirect, requiring a

water molecule to mediate hydrogen bonding between the amino-acid side chains and

base pairs of the DNA. The only direct hydrogen bonds present are to the

sugar-phosphate backbone of the DNA. Sigler and co-workers argue that only the

operator sequence can make the conformational changes required to form the complex

[36]. For other sequences these changes would increase the internal energy of the DNA

segment too much. However, the structure of the trp complex is still controversial and

whether it is related to the in vivo situation or not is still an open question.

THE SOS SYSTEM

In the E. Co//cell a mechanism exists for repair of DNA damage caused by UV light

or carcinogenic chemicals. At present at least 20 genes are known that coae for proteins

which are involved in this process. Some of them (SfiA) prevent further cell division,

while others cut out tne damaged DNA segment and replace it: excision repair. This set

of genes is known as the SOS regulon [37,38] and under normal growing conditions the

levels of repair enzymes are very low. However, if any unusual DNA structure is present,

this triggers the 'SOS reponse' that leads to repair of the damage.

The SOS regulon is controlled by two proteins, the LexA repressor and RecA

protein. Under normal growing conditions the RecA protein is involved in the DNA

recombination process [39]. The LexA repressor prevents the transcription of the SOS

genes and it also controls the expression of its own gene and that of RecA. In the cell,

LexA is present as a dimeric protein. Each monomer exists of two functional domains;

the amino-terminal region which binds to DNA [40] and the carboxy-terminal part which

is reponsible for the dimerisation [41]. The region connecting the two domains contains

the Ala84-Gly85 bond which can be split if activated RecA is present in the cell [42]. LexA

is also cleaved at this bond in an autodigestion reaction that takes place at alkaline pH

[43]. At present it is still not clear whether the activated RecA works as a proteolytic

enzyme or 'helps' LexA to perform the autocleavage reaction at physiological pH [44].

Also the activation of RecA itself is still rather obscure; it seems that it is activated in a

complex with damaged DNA and/or small DNA fragments [38].

The isolated monomeric amino-terminal domain has a lower affinity for operator

DNA. Nevertheless, methylation protection and ethylation interference studies show that

its residual DNA-binding is the same as that of the intact repressor [40,45].

II



The operators of the SOS regulon share the following consensus sequence [38]:

t a C T G T a t a t a - a - a C A G t a .

Only a few positions are conserved throughout all presently known operators. As a

result of the variation, the operators in the SOS regulon have different affinities for LexA.

The repressor binds stronger to the operator of the recA gene than it does to some other

operators of the systems. This has the advantage that low amounts of inducing signal

lead to the expression of some of the SOS functions without increasing the amount of

RecA protein. Only if the inducing signal continue? or gets stronger, more LexA

repressor will be cleaved, eventually resulting in higher amounts of (activated) RecA.

Therefore, the SOS response can be tuned to the needs of the cell and the SOS system

can exist in any intermediate state between repressed and fully active.

The amino acid sequence of LexA shows weak homology with those of the DNA

binding proteins of the helix-turn-helix group [22,46,47]. The highly conserved glycine in

the turn is present as well as a few of the conserved hydrophobic residues [22].

However, it remained an open question whether or not LexA would bind the operators

through a helix-turn-helix motif. The work presented in chapter 6 of this thesis shows that

the amino-terminal domain is a helical and that two helices are present in the homology

region. However, the turn connecting the two helices is two residues longer, and the

positioning of these helices relative to each other is such that it cannot be considered to

be a canonical helix-turn-helix motif.

THE LAC OPERON

When Jacob and Monod [48] introduced the lac operon model for the regulation of

the p-galactosidase activity in Escherichia Coli it was already known for 60 years that

certain enzymes in bacteria could be induced by the presence of particular agents. For

instance, E. Coli cells growing on lactose contain high concentrations of

P-galactosidase, an enzyme which hydrolyses lactose in galactose and glucose.

Furthermore, the cell has high levels of galactoside permease, required for the transport

of lactose across the bacterial membrane and of a transacetylase, the function of which

is unknown. If the cells are grown on another carbon source the levels of these enzymes

are low. Thus, the amount of p-galactosidase is induced by the lactose.

In order to elucidate this control mechanism, they formulated the following

questions:

First, does the agent act at the cytoplasmic level, by controlling the activity of

messenger RNA (mRNA), or at the genetic level by controlling the synthesis of the

12



messenger?

Second, does the specificity of the effect depend upon information transferred from

structural gene (the gene coding for the enzyme) to protein, or upon some specialized

control element, not represented in the structural gene or messenger?

The answers which Jacod and Monod gave at that time are:

a) The control mechanism is negative, the protein synthesis is inhibited

rather than activated.

b) Besides structural genes the genome contains two other genetic determinants

(regulator and operator) which have a specific function in the control

mechanism.

c) The control mechanism operates at the genetic level.

A specific agent, produced by the regulator or i-gene, is involved in the control

mechanism. The product of the i-gene is called the lac repressor. Jacob and Monod

thought that the repressor could be an RNA fraction but later work by Gilbert and

Miiller-Hill [49] showed that the repressor is a protein.

A
Rcprcssor binds lo the operator and
prevents iransenpuon of z. y and a.

p o z y a

p-Galaclosidase Permcase Transacetylase

fnduccr-reprcssor
complex

^ Figure 3. Schematic representation for the control of the lactose operon. A is the

f repressed state and B is the induced state.
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The role of lac repressor in controlling the p-galactosidase activity is shown

schematically in Fig. 3. If no inducing agents are present lac repressor binds to the

operator. This site is located between the promoter and the structural genes. The

repressor then shields the promoter sequence from being recognized by RNA

polymerase and prevents the formation of an active complex between the polymerase

and the promoter by direct steric hindrance. As a result the structural genes will not be

transcribed. However, if an inducing agent binds to the repressor this causes some

changes in the repressor which then looses its affinity for the operator site. Now, the

RNA polymerase can bind to the promoter site and the structural genes are transcribed,

resulting in production of the enzymes which enable the E. Coli cell to use lactose as a

carbohydrate source, in fact, the physiologic inducer is no* lactose but allolactose, which

is formed from lactose by transglycosylation. Also other agents can act as inducer such

as isopropylthiogalactoside (IPTG) which is a so-called gratuitous inducer. IPTG is

nonmetabolizable and therefore it is much used in biochemical experiments (i.e. see

ref. 49).

The lac operators.

The base sequence of the lac operator is known from the work of Gilbert and

Maxam [50]. The repressor protects a double stranded DNA fragment of 24 base pairs

against digestion by deoxyribonuclease (Fig. 4). The lac operator is almost symmetric

and the longest regions of symmetry are separated by one turn of the B-DNA double

helix.

T G Q
A C C

A A T T G T
T T A A C A

I ' 5

G [A] G fcl G IGI A ITI
C|G|C|C1T|A|T1TGTTAA|

Figure 4. The lac operator according to Gilbert and Maxam [50]. Inside the boxes are

the symmetric regions. The arrow points to the base pair which is in the centre of these

regions.

The lac repressor protein is also a highly symmetric molecule. Electron microscopic

and powder X-ray diffraction studies [51] showed that the repressor is a tetrameric

protein with a D2 symmetry. The molecular weight of the tetramer is 148800 dalton [52]

and its primary sequence has been determined from both the protein and the gene [52,

53]. Further studies showed that a chimaeric lac repressor- (3-galactosidase protein has

normal repressor activity [54], implying that two repressor subunits interact with the DNA

[55]. This suggests that these two subunits of the lac repressor bind in a symmetric way

14



to the nearly paiindromic operator. The remaining two subunits can then bind a second

operator-like region [56]. Later work showed that the lac system of E. Co// contains two

additional DNA sequences which strongly resemble the lac operator sequence [57-60].

One of these pseudo-operators is located inside the z-gene, 401 base pairs

downstream from the primary operator. Binding of one lac repressor tetramer to both

operators causes the intervening DNA to form a loop. Since destruction of the

pseudo-operator decrease repression fivefold [58], it is believed that the function of the

co-operativity is to ensure that elongating RNA polymerase which escaped repression at

the promoter is blocked at the second operator.

The wild-type primary lac operator is nearly symmetric. However, a fully symmetric

DNA fragment has been found that binds lac repressor 8 times more tightly than the

wild-type operator [61,62]. This ideal operator contains the 11 base pairs of the left half

and the central G-C base pair is missing. These findings show that the left half of the

operator binds more tightly to the repressor than the other half. This had already been

suggested from studies of mutant operators [63]. An ideal symmetric operator of 22 base

pairs and two half-operators containing the sequence of the left half (the tight binding

region) were used in the studies of repressor-DNA complexes described in chapters 4

and 5.

The lac repressor and its structure.

As already mentioned the lac repressor is a tetrameric protein [51] and two

subunits of the protein are believed to interact with the lac operator [55]. Each monomer

of the repressor, consisting of 360 amino acids, can be considered to exist of four

functional sites [64].

1) The operator binding site.

2) The inducer binding site.

3) The transmitter site, the part of the protein that 'transmits' the effect of inducer

binding to the operator binding site reducing the affinity of the repressor for the

DNA.

4) Site(s) involved in the aggregation of the lac repressor subunits into the

functional tetramer.

Since studies on the interaction between lac repressor and its operator is one of

the subjects described in this thesis (chapters 4 and 5) the rest of the introduction will

focus on this particular aspect of gene regulation.

Already a few years after the isolation of lac repressor [49], mutants were described

which are damaged or altered in their function. Some of them are able to aggregate and

to bind inducer but they are unable to bind DNA [65]. A more extensive analysis of these

constitutive i~d mutants showed that most of them were within the first 60 amino acid

residues of the protein [66]. This result shows that the DNA binding properties of



repressor reside in the amino-terminal domain. Furthermore, after limited digestion of

lac repressor by trypsin a tetrameric core is produced which lacks the first 59 amino

acids. This core still has full inducer binding capacity but is inactive in binding to both

operator and nonoperator DNA [66]. The fraction containing the amino-terminal domains

consists of two peptides, one spans residues 1-51 (the short headpiece or HP51) the

others spans residues 1-59 (long headpiece or HP59) [67]. These two headpieces were

used in experiments to probe the DNA binding site of lac repressor by dimethylsulfate

methylation of the lac operator [68]. With this agent all purines of the DNA are

methylated. For the entire repressor and both headpieces, i.e. HP51 and HP59, the

same general pattern of protection and enhancement of purine methylation is found.

Therefore, the lac repressor binds to the DNA with two headpieces in a symmetric way

and both the isolated HP51 and HP59 have the same structure as the headpieces on

the iniact repressor.

Neither for the entire repressor nor for the headpieces, a structure from X-ray

crystallography is available. Instead the possibilities of NMR for structure determination

have been exploited extensively. Some of the first 1 H NMR experiments on lac

repressor [69] already confirmed earlier assumptions [70] that the DNA-binding domains

(headpieces) are connected with the core by a flexible hinge region, probably spanning

residues 50-60. Further detailed analysis of the NMR data required the assignment of

proton resonances. The first assignments for headpiece were made by Jardetzky et al.

[71] and Arndt et al. [72]. Most protons of HP51, which can be obtained exclusively in a

digest with clostripain [73], are assigned using several 2D NMR experiments such as

COSY, 2D NOE, SECSY [74,75]. The medium range NOEs, which were identified for

Figure 5. Stereoview of the backbone conformation of lac repressor headpiece. The

helices are indicated by cylinders. This structure is the result of a restrained molecular

dynamics refinement. The helix-turn-helix motif is formed by helices I and II.
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HP51, show that it contains three a helices in the peptide segments 6-13, 17-25 and,

34-45 [75,76], The first two helices are in the same regions as predicted from the

sequence homology with other DNA binding proteins [22]. The NOEs assigned for the

lac headpiece have been translated into the structure [5], shown in Fig. 5. This structure

shows that helices I and II form a helix-turn-helix motif [77]. The rms difference with the

helix-turn-helix motifs of several other DNA-binding proteins is less than 1.0 A.

DNA recognit ion.

As mentioned in the previous section many i"d mutants of lac represser have been

found. Most of this older mutant work together with new results were combined and

discussed by Miller [78]. A total of 131 replacements at 38 positions in the first 62

residues of lac repressor are known. Most mutants which decrease the binding activity

of the repressor are in the region that forms the helix-turn-helix motif. Since the amino

terminal of the first helix of the motif is believed to interact with the DNA, replacement of

Thr-5, Leu-6 and Tyr-7 can indeed decrease DNA binding. In particular the mutations in

the recognition helix of Tyr-17, Gln-18, Ser-21 and Arg-22 are very interesting because

these residues are likely to be involved in the sequence specific recognition of the DNA.

Both Val-9 and Ala-10 are involved in the hydrophobic interactions that stabilize the

orientation of the helices in the motif (helices I and II), therefore these mutations can be

interpreted to be structural. Also, the defective mutations of residues in helix III, i.e.

Leu-45 and Tyr-47 are structural. These two residues are in the hydrophobic core of the

headpiece. Finally, i~d mutations occur in the peptide segment 49-59. In the headpiece

the conformation of these residues is not defined therefore, it is not yet clear what the

origin is of the defective operator binding of these mutants.

Also mutations of the operator have been described [63]. Two mutations occur in

th« symmetric regions of the operator and are found on both sides of the central base

pair (Fig. 4), these are in positions 5 and 8 and the corresponding ones in postions 14

and 17, respectively. The nonsymmetric replacement of the G-C base pairs in positions

7 and 9 by T-A results in a symmetric operator which has a lower affinity for the

repressor than the wild-type. From this it was predicted that changing the A T base pairs

at positions 13 and 15 into CG would give an operator which would bind the repressor

more tightly. Later, as mentioned above, the discovery of a perfectly symmetric

tight-binding operator [61,62] showed that this prediction is true.

Direct evidence for a specific protein-DNA contact was provided by the elegant

experiments of Ebright [79]. He replaced one residue of the recognition helix, i.e. Gln-18.

by either a glycine, serine or leucine. All these mutants had a well defined, but lower,

affinity for the wild type operator. The binding is lower because, apparently, a specific

contact is lost. Next, he tested the affinity of these mutated repressors for operators

which carry one substitution mutation. The affinity of these operators for the mutated

17



repressor will again be lower, except when the mutation is at the base pair which was

orginally interacting with Gln-18. The mutated repressor had already lost the specific

contact with this base pair and therefore the DNA mutation will not further decrease the

binding. Through this "loss-of-contact" a specific interaction between Gln-18 and the G-C

base pair in position 7 was identified.

Muller-Hill has developed a system which allows systematic testing in vivo of

specific interactions [80]. First, it was shown that the ideal operator [61,62] is indeed the

most tight binding fully symmetric operator [80]. Furthermore, it was shown that the

specificity of lac repressor can be changed to that of gal repressor. The recognition

helices of gal repressor differs in three positions from that of lac, i.e. Tyr-17, Gln-18 and

Val-24 of lac are replaced by Val, Ala and lie, respectively. If the first two residues of the

recognition helix of lac (Tyr-17 and Gln-18) are replaced by the corresponding residues

of gal, this mutant lac repressor binds tightly to an operator in which the G-C pase pair in

position 7 is replaced by an A T base pair. This operator corresponds to that of the gal

operon. Replacing Val-24 by isoleucine has no effect on the specifity of the repressor.

This agrees well with the structure of the lac repressor headpiece in which this residue

is at the inside of the molecule. These results together with more detailed analysis of

their data show that the first two residues of the recognition helix interact with base pair

7 and to a lesser extent with base pair 6, in agreement with the results of Ebright [79].

Similar experiments showed that Arg-22 interacts with the G-C base pair in position 5

[81,82]. Before it had already been shown that chemical modification of the arginines

decreases the DNA binding activity [83].

The complex of lac repressor and its operator has also been studied by NMR. The

role of the aromatic residues in both specifc and nonspecific DNA binding has been

studied by photo-ClDNP [84,85]. These studies showed that Tyr-7, Tyr-17 and His-29

are involved in the binding process. Titration studies of HP51 and a 14 base pair DNA

fragment containing the tight binding half of the operator also showed the largest

chemical shift changes for the aromatic resonances of these three residues [73]. To

explain the shape of the titration curves nonspecific binding had to be taken into

account. This nonspecific binding is believed to be mainly due to electrostatic interaction

between the negatively charged phospate backbone of the DNA and positively charged

residues of the protein. This type of binding can take place everywhere in the genome

and it plays an important role in the process of finding the operator sequence [86]. After

nonspecific binding the repressor can slide along the DNA and scan up to several

hundreds of base pairs. If the operator is not found the repressor dissociates from the

DNA and after a while it binds to another part of the genome. This process will be

repeated until the operator is found. Using this one-dimensional sliding the repressor

will find its binding site faster than by three dimensional diffusion.

Two-dimensional (2D) NMR studies of a complex between HP56 and the 14 base
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pair operator fragment showed that the helix-turn-helix motif indeed interacts with the

DNA. Several NOEs between the protein and the DNA could be identified which show

that the recognition helix is located in the major groove but its orientation is opposite

[87,88] to that found for the complexes of 434 repressor and Cro and X repressor (Fig.

6). The same results have also been found with another half-operator (11 base pairs)

and with the symmetric ideal 22 base pair operator [89,90]. This opposite orientation is

also found in vivo for the complete repressor [80-82]. The protein-DNA NOEs show that

except for thfc different orientation the general characteristics of the lac headpiece

complexes are the same as for the complexes of 434 repressor and Cro, X repressor

and trp represser.

Figure 6. Model of the complex of

HP 56 with a 14 bp operator

fragment, (taken from ref. 89). The . ['• "' "U-

view is through hs'ix II which is y ' ~— - 1 ^ — .

positioned in the major groove. '• ~*--**^¥ "'

Note that the dyad ,'j.x's of the - ^ ~ .^

complete operator would be on top - '. ^"T1*"" .'- ^

of the DNA strand, fhe orientation ' . ^ ^_

of binding is opposite to '.hat found -.^ y

for other DNA-binding proteins * ^ _ ^,.
which also contain a •c-.-x-fum- *rZLu-Sr'

helix motif (compare to fig. •(& 1). ^£~~

Several models have been built for the lac repressor headpiece and its operator.

Based on the protein-DNA NOEs the repressor was docked on the operator [91]. The

final structure was obtained after restrained molecular dynamics calculations in vacuo.

This structure shows that the specific contact between Gln-18 and G-C 7 is indeed

possible. However, an interaction between Arg-22 and G-C 5 could not be satisfied.

Furthermore, the NOEs between His-29 and A2 are violated. This model was used as a

starting structure in a restrained molecular dynamics run in water [92]. The distance

restraints for the headpiece were the same as used for the structure building of the free

headpiece [5,75] The protein-DNA NOEs were the same as in ref. 89. Already after

simulation of a few picoseconds, water molecules are found in the interface between

protein and DNA [92]. Therefore, only a few direct hydrogen bonds between the two

constituents are present, the others are all bridged by water molecules. The exceptions

are four hydrogen bonds to the phosphates of the DNA backbone. The NOEs between
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His-29 and A 2 are also violated in this structure. The large number of water mediated

hydrogen bonds in this structure is similar to the situation in the trp complex.

OVERVIEW OF THIS THESIS

In chapters 2 and 3 the solution structure of crambin is described. The assignment

of the proton resonances is discussed. Based on these assignments medium and long

range NOEs have been identified which have been used in the subsequent structure

determination. The solution structure has been generated using DG. DDD and

restrained MD combined with an iterative relaxation matrix approach (IRMA). This

structure is very close to the X-ray structure which has been resolved to a resolution of

0.9 A. Using J-coupling information the stereospecific assignment cf prochiral centres

could be accomplished. These assignments could also be made by comparison of the

experimental NOE intensities with those calculated from the model.

Chapter 4 shows that lac headpiece (HP56) binds a symmetric 22 bp operator

fragment in the same way as it binds half operators of 11 and 14 base pairs. These data

show that the different orientation used by headpiece to bind operator DNA does not

depend on the size of the operator fragment. Therefore, the smaller complexes with the

half operators are a valid model system. Biochemical and genetic data [80-82] obtained

for the intact repressor support this conclusion. Chapter 5 describes the assignment of

most proton resonances of the HP56-11 bp complex. New protein-DNA NOEs could be

assigned. The structure of headpiece in the complex is presented which is based on a

more extensive NOE set than used before. The side chains of Arg-22 and His-29 are

now constrained by NOEs. In the new structure the loop between helices II and III has a

significantly different conformation than before. Preliminary modelbuilding studies of the

complex suggest that the orientation of the side chain of His-29 is such that it can be

close to T3 rather than to A2 as previously thought. Moreover, Arg-22 seems to point

directly towards base pair G-C 5.

In chapter 6 it is shown that the amino-terminal domain of LexA repressor is a

helical but differs from the canonical helix-turn-helix motif [93,94], Recent genetic studies

of LexA have revealed a number of mutants most of which are found in helix 3 which is

the second helix of the bihelical substructure of LexA [95]. This suggests that these

helices might be involved in the recognition of the DNA. More evidence for this was

obtained by site-directed mutagenesis [M. Schnarr, personal communication]. These

data, combined with the structural information obtained by NMR show that LexA uses a

different structural motif for the specific DNA-binding. Obviously, more structural and

genetic work will be required to establish the DNA-binding mechanism.
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Chapter 2

Secondary structure and hydrogen bonding of
crambin in solution.

A two-dimensional HMR study.
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ABSTRACT

The secondary structure of crambin in solution has been determined using

two-dimensional NMR and is found to be essentially identical to that of the crystal

structure. The H-D exchange of most amide protons can be accounted for in terms of the

hydrogen bonds found in the X-ray structure. Exceptions are the amide protons of Cys-4

and Ser-6 which exchange slower than expected and of Asn-46 for which the exchange

is faster. These results might be explained by a slightly different conformation of the

C-terminal region of the protein in solution. The slow exchange of the amides of Cys-32

and Glu-23 might be due to aggregation involving an extremely hydrophobic part of the

protein in solution.

INTRODUCTION

Crambin is a small hydrophobic protein (MW = 4715) which is found in the seeds of

the plant Crambe Abyssinica [1]. Although its biological function is unknown, it plays an

important role as a model system in a number of biophysical studies.

A crystal structure with a resolution of 1.5 A has been reported [2], A structure

resolved to 0.9 A is also available [3]. These structures have been used to test potential

energy functions employed in energy minimization [4] and in restrained molecular

dynamics calculations aimed at structure determination on the basis of simulated NMR

data [5],

Our interest in crambin stems from the fact that it is an ideal model to test structure

determination methods using two-dimensional (2D) NMR. In spite of its small size it has

a variety of secondary structure elements such as a (3-sheet, two a-helices, the first with

a stretch of 310-helix at the end, and several turns [2], Since it has three disulfide

bridges it is very stable against thermal denaturation. The goal of this work is to

determine the solution structure of crambin using a variety of methods such as distance

geometry [6,7] and restrained molecular dynamics [8] and combinations thereof.

Here we report on the secondary structure of crambin as found from a 2D NMR

study. A comparison with the X-ray structure shows that at the secondary structure level

the solution structure is virtually identical with that in the crystal including details such as

the transition from an a-helix to a 3io-helix in the first helical region from lle-7 to Pro-19.

Further it is shown that the H-D exchange rates of most of the amide protons correlate

very well with the presence or absence of hydrogen bonds as seen in the crystal

structure. Some exceptions to this pattern may be explained partly by aggregation for a

number of amide protons in a particularly hydrophobic region of the protein [9.10], and

partly by a small difference between the crystal and solution structure in the C-terminai
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end of the molecule.
We have previously shown that the crambin mixture as isolated from the plant

seeds consists of two forms (and not four as previously thought), which can be

separated by reversed-phase HPLC [11]. These species have the amino acid pairs

Pro-22/Leu-25 and Ser-22/lle-25 respectively. The present study has been carried out

on the Pro/Leu form. The complete 1H resonance assignment of this protein will be

reported elsewhere [chapter 3].

MATERIALS AND METHODS

Crambin belonged to a batch used in previous experiments [11,16]. The crambin

mixture was separated into two species by HPLC as described elsewhere [11]. The

collected fractions of each form were lyophilized.

For the samples in deuterated solvent the protein was redissolved in

acetone-d6/D20 (3:1) directly before recording the spectra. Acetone-d6 (100%) was

obtained from Janssen Chimica, D2O (99.997%) from Merck.

To obtain samples containing only the fast exchanging amide protons, the protein

was dissolved in deuterated solvent and kept at 50 °C for several hours. After

lyophilisation the protein was redissolved in acetone-d6/H20 (3:1), to which 5% (v/v)

D2O was added for the lock signal. The sample was measured immediately after

preparation.

All 2D NMR spectra were recorded on a Bruker AM 500 spectrometer operating at

500 MHz, interfaced with an Aspect 3000 computer. The data were processed on a VAX

11/750 or a microVAX II with the "2D NMR" software library written in FORTRAN 77,

developed in our laboratory.

The double-quantum filtered COSY [12] spectrum in D2O was recorded in a phase

sensitive mode using the time-proportional phase increment (TPPI) method [13]; 512

FIDs of 2K data points, 64 scans each were recorded. The ^ value was varied from 0 to

38.4 ms. Because the 2D experiment was performed with a relatively high repetition rate

double-quantum coherences are created during the t-| period which cannot be filtered

out. To suppress the creation of these double-quantum coherences the delay between

each scan was varied randomly between 1200 and 1400 ms. The spurious HDO signal

was suppressed by presaturation during 1 second. For both time domains a sine-bell

window shifted by K/IOOO was used and the data were processed to riive> a 2D spectrum

of 512x 512 data points. The digital resolution is 9.77 Hz/point.

The 2D NOE spectrum in D2O was recorded with a 32-step phase cycle [14] using

TPPI [13]. The HDO signal was suppressed by irradiation during the relaxation delay

and the mixing time. The spectrum consists of 512 FIDs of 2K datn noints, 96 scans
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each. The time-domain data were weighted with a sine-bell shifted by re/3 in both

directions. The data were processed to give an phase-sensitive absorption spectrum of

1024x1024 data points, having a digital resolution of 4.88 Hz/point.

The COSY spectrum [15] in H2O was recorded using phase-modulation. The

time-domain data consisted of 512 FIDs of 2K data points each. The t-, period was

incremented from 0 to 76.8 ms; for each \, value 32 scans were accumulated. The H2O

signal was saturated by preirradiation for 2 seconds. The data were processed to give a

magnitude spectrum of 512x512 data points having a digital resolution of 13.02

Hz/point.

The X-ray coordinates of crambin were obtained from the Brookhaven Protein Data

Bank.
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Figure 1. Assignment of backbone amide and Ca protons of part of the first helix of

Pro/Leu crambin in acetone-d6/D2O. The figure shows a 500 MHz 2D NOE spectrum

from co2 = 6.3-9.6 ppm and co1 = 3.4-5.8 ppm. The mixing time was 200 ms. The digital

resolution is 4.88 Hz/point. The spectrum was recorded in 12 h. The data were acquired

immediately after preparing a 2.5 mM solution of the fully protonated protein in

acetone-d&
/D2O 3:1 fv/v), 30°C. The spectrum contains both slowly exchanging amides

and those which exchange on an intermediate time scale.
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Figure 2. The fingerprint region in a
double-quantum filtered COSY
spectrum of Pro/Leu crambin in
acetone-ds/D20. The spectrum was
recorded after the 2D NOE spectrum of
Figure 1. Only the slowly exchanging
amides are present in this spectrum.
The spectrum was recorded in 6 h. The
digital resolution is 9.77 Hz/point.
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RESULTS AND DISCUSSION

2D NMR spectra

2D NMR spectra of the Pro/Leu species of crambin were recorded for the protein in
both acetone-d6/D20 3:1 (v/v) and acetone-d6/H2O 3:1 (v/v) [16]. Figure 1 shows part of
a 2D NOE spectrum recorded directly after dissolving the fully protonated protein in the
acetone/D2O mixture. From this spectrum, in which the fast exchanging amide protons
are missing, it was possible to assign large stretches of the molecule. As will be shown
later, most of the amides which are present, are involved in hydrogen bonds. As an
illustration we indicate in Figure 1 the sequential assignment of the slowly exchanging
amides of the first helix.

Figure 2 shows the assignment of the finger-print region in a double-quantum
filtered COSY spectrum. All amide protons which are clearly present in this spectrum will
be called slowly exchanging. The 2D NOE spectrum of Figure 1 contains more NH
resonances than the COSY spectrum (Fig. 2). This is because the COSY spectrum was
recorded 12 h after dissolving the protein in acetone/D20 and after recording the 2D
NOE. The amide protons present in the 2D NOE but missing in the COSY spectrum
(lle-7, Gly-20, Thr-21 and Glu-23) or present with weak intensity (Val-8) exchange on a
time scale in the order of 10 h, and will be referred to as being in 'intermediate
exchange1. All other amides which are not present in the COSY or 2D NOE are fast
exchanging.
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Figure 3. The fingerprint region, from

co2 = 6.8-9.6 ppm and co1 = 3.0-5.2

ppm, in a COSY spectrum of a 2.5 mM

solution of Pro/Leu crambin in

acetone-dB/H2O. Before the spectrum

was recorded the sample had been in

acetone/D2O at 50°C for 3 h. Apart

trom the fast exchanging amides the

spectrum contains also those amides

which could not be exchanged in 3 h.

or which exchanged back during the

experiment. The amides that are also

present in the COSY spectrum of

Figure 2 are marked with a cross. The

spectrum was recorded in 11 h. The

digital resolution is 13.02 Hz/point.

Next, the same sample was kept in acetone/D2O at 50° C for 3 h, with the intention

to deuterate all amide protons. After lyophilisation the protein was redissolved in

acetone/h^O. Figure 3 shows the fingerprint region of the COSY spectrum recorded for

this sample. Apart from aN. fast exchanging amide protons also some of the slow and

intermediate exchanging amide resonances are present. The intermediate amides

(lle-7, Val-8, Gly-20, Thr-21 and Glu-23) are present because they exchange back

during the course of the experiment. The very slowly exchanging amides (Cys-3, Ser-6.

Cys-32, lle-33, lle-34 and lle-35) remain because 3 h at 50° C turned out to be not long

enough for exchange with D2O.

Secondary structure elements

The amide exchange data and the short and medium range NOEs observed for

crambin are summarized in Figure 4. These data provide the information to define the

secondary structure elements [17,18]. For instance, helices are characterized by strong

sequential amide-amide NOEs (dNN) in combination with relatively weak OH-amide

NOEs (daN) and medium range NOEs between the CaH of residue i and the amide and

CP protons of residue i+3 [17,18].

Inspection of Figure 4 clearly shows the presence of two helical regions, from lle-7

to Leu-18 and from Glu-23 to Thr-30. Characteristic for a-helices are d a N (i,i+4) medium

range NOEs [15]. These NOEs (Fig. 4) show that the first helix is an a-helix until at least
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Cys-16. Furthermore, a weak cross-peak between the C"H of Val-15 and the amide of

Arg-17 and a strong one to the amide of Leu-18, show that the last part of this helix has

a different conformation. These two NOEs are consistent with a 310 helix conformation

for the last residues of the helix [18].

1 10 20 30 M)

TTCCPSIVARSNFNVCRLPGTPEALCATYTGCI IIPGATCPGDYAN
AMIDE G @oo©@@©w©@@© oo o O G O O O O O © © © © ©

Figure 4. Summary of the amide exchange data and the short and medium range NOEs

observed for Pro/Leu crambin. Open and closed circles indicate intermediate and slow

exchange, respectively. For the NOEs three different groups of intensities are

distinguished by the thickness of the lines.

Typical for a polypeptide backbone in an extended conformation is that the

sequential amide-amide NOEs are very weak or absent and that the sequential

C«H-amide NOE is very strong [18]. Figure 4 shows that this was found for the regions

1-4 and 32-35. The assignments of long range NOEs involving the backbone protons

are shown in Figure 5. The strong NOEs between the C<* protons of Thr-2 and lle-34 and

the Ca protons of Cys-34 and Cys-32, respectively, show that the residues 1-4 and

32-35 form an antiparallel (i-sheet. The long range amide-CaH NOEs are consistent with

this. All NOEs which determine the (3-sheet are shown schematically in Figure 6. The

NOEs imply that the hydrogen bonds are between the amides of Cys-3, lle-33, lle-35

and the carbonyl oxygens of lle-33, Cys-3 and Thr-1, respectively (Fig. 6).

The secondary structure elements found for crambin in solution can now be

compared with those of the crystal structure [2], The X-ray data show that the first helix is

from lle-7 until Pro-19 with a 310 conformation for residues 17 and 19. We observed the
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Figure 5. Assignment of long range NOEs which determine the position of the two

strands of the p-sheet relative to each other. Solid lines indicated the sequential

connectivities. The broken lines indicate the long range NOEs. The region co2 = 7.6-9.2

ppm and cu, = 4.5-5.5 ppm is taken from a 2D-NOE spectrum recorded for a 2.5 mM

solution of the fully protonated protein in acetone-d^H2O, 30'C. The mixing time was

200ms. The digital resolution is 6.01 Hz/point. The region with o>7 and u>2 from 4.5-5.5

ppm is taken from 2D-NOE spectrum of which an other part is show in Figure 1.

T1

Figure 6. The antiparallel B-sheet of Pro/Leu crambin as found in solution. The arrows

indicate the assigned sequential and long range NOEs which define the p-sheet.

Broken lines indicate the hydrogen bonds.



same for the region lle-7 to Leu-18 but we have found no evidence that Pro-19 is also in

a helical structure. As proline residues have no amide protons, the secondary structure

of regions containing this residue is usually less well defined. Also no NOEs have been

found between the CaH proton of Cys-16 and one of the side-chain protons of Pro-19,

due to overlap in crowded regions of the spectrum. Therefore, the peptide conformation

for Pro-19 is ill defined by NMR, but the first helix could well extend to include Pro-19 as

observed in the crystal structure.

The second helix is at the same position as in the X-ray stmcture, from residue 23

to 30. For this helix we have found no evidence that Thr-30 has a 3ip-like conformation

as in the X-ray structure. Both X-ray and NMR show that an antiparallel p-sheet is

formed by residues 1-4 and 32-34.

A schematic summary of the NOEs determining the secondary structure is given in

Figure 7.
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Figure 7. Diagonal plot of the NOEs observed between the backbone protons,

identifying the secondary structure elements.

Amide proton exchange

The exchange behavior of the backbone amide protons is indicated in Figure 4 and

also summarized in Table 1.

An amide proton will exchange slowly with deuterons from the solvent when it is

involved in a hydrogen bond or when the proton is inaccessible to the solvent. For a

small protein like crambin we believe that inaccessibility without formation of H-bonds
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cannot be a dominant factor in determining slow exchange as long as the protein is in a

monomeric form.

The slow exchange of many amide protons in crambin can be explained directly on

the basis of the secondary structure. In a-helices all amide protons except those of the

first three residues are involved in hydrogen bonds with backbone carbonyl groups [18].

In a double stranded antiparallel B-sheet every other amide is involved in a hydrogen

bond between the two strands (Fig. 6). Inspection of Figure 4 shows that in the helices

we also find the slowly exchanging amides of Ala-9 and Leu-25 and the amides of lle-7,

Val-8, Glu-23, which are exchanging on an intermediate time scale. The amides of

Cys-32 and lle-34, present in the B-sheet, and those of Ser-6 and Tyr-44 exchange

slowly. The amides of Gly-20 and Thr-21 show intermediate exchange.

Table 1

Comparison between the hydrogen bonds found in the X-ray structure8 and the

slow exchanging amides from the NMR data.

x-ray
amide acceptor

NMR X-ray NMR
exchange13 amide acceptor exchange

p

P

a
a
a
a
a
a
a
3 1 0
a
3 1 0

Thr-1
Thr-2
Cys-3
Cys-4
Pro 5
Ser6
lie 7
Val8
Ala 9
Arg-10
Ser-11
Asn-12
Phe-13
Asn-14
Val-15
Cys-16
Arg-17
Leu-18
Pro-19
Gly-20
Thr-21
Pro-22
Glu-23

lle-35
Thr-2
lle-33
Asn-46

Ser6
Asn-46
Ser6
Ser6
Ser6
lie 7
Val8
Ala 9
Arg-10
3er-11
Asn-12
Phe-13
Val-15

Arg-17
Thr-21

_

C=O
Oy*
C=O
C=O

C=O*
05
Oy
Oy

c=o
c=o
c=o
c=o
c=o
c=o
c=o
c=o
c=o

c=o
Oy*

f
f
s
f

s
i
i
s
s
s
s
s
s
s
s
s
s

i
i

i

a
a
a
a
a
3 1 0

P

P

Ala-24
Leu-25
Cys-26
Ala-27
Thr-28
Tyr-29
Thr-30
Thr-30
Gly-31
Cys-32
lle-33
lle-34
lle-35
Pro-36
Gly-37
Ala-38
Gly-39
Cys-40
Pro-41
Gly-42
Asp-43
Tyr-44
Ala-45
Asn-46

Pro-22
Pro-22
Glu-23
Ala-24
Leu-25
Cys-26
Ala-27
Ala-27
Thr-30
Cys-3
-
Thr-1

-
-
-
-
-
-
Asp-43
Pro-41
-
Cys-4

C=O
C=O
C=O
C=O
C=O
C=O*
C=O*
C=O
Oy
C=O

c=o

OS'

c=o

c=o

t
s
s
s
s
s
s
s
s
s
s
s
s

f
f
f
f

f
f
s
f
f

a) The criteria were: maximum distance 0.28 nm and a minimum angle of 135". The hydrogen bonds
marked " were only lound lor a distance of 0.30 nm and an angle of 90"
b) f, s, i indicate that the exchange is fast, slow and at an intermediate rate, respectively.



In order to see if the retarded exchange of these amides can be explained by the

formation of hydrogen bonds we analysed the X-ray coordinates of crambin. Since only

the coordinates of a non-existing Pro/lie form of crambin were available we changed this

first to the Pro/Leu species by replacing the isoleucine side-chain at position 25 by a

leucine side-chain using standard coordinates for the leucine. This structure was energy

minimised and analysed for hydrogen bonds. For comparison the same was done with

the coordinates of the Pro/lie form. In both analyses the same hydrogen bonds were

found. The results for the Pro/Leu form of crambin are shown in Table 1 and are

compared with the observed exchange rates of the amide protons. Two sets of criteria

were used in the search for hydrogen bonds. The first used a distance between donor

and acceptor of 0.28 nm and a minimum angle of 135° (180° is ideal), the second with a

distance of 0.35 nm and an angle of 90°. The hydrogen bonds which were only found in

the second search are marked with an asterisk in Table 1.

The slow or intermediate exchange of some amides can be explained by hydrogen

bonds formed in turns. The slow exchange of the amide of Cys-32 is due to a hydrogen

bond formed with the side-chain oxygen of Thr-30 (cf. Table 1). The NOEs found

between the amide of Cys-32 and both the CaH and amide Thr-30 (Figures 4 and 6)

indicate that a turn is formed in this region, in agreement with the X-ray structure were a

turn is found at Gly-31. The slow exchange of the amide of Tyr-44 can be explained by

the hydrogen bond formed with the carbonyl of Pro 41. According to the X-ray diffraction

data a type I turn is formed in this region. The NOE between the amide of Asp-43 and

the C«H of Pro-41 (Figures 4 and 6) is consistent with this. Another hydrogen bond

formed in a turn is that of Gly-20 with Arg-17. However, no further NOE evidence is

found to characterize this turn.

As far as the beginning of the helices is concerned only the slow exchange of the

amides of Ala-9 and Leu-25 and the intermediate exchange of Val-8 is explained

satisfactorily (cf Table 1).

In the X-ray structure a weak hydrogen bond between lle-7 and Asn-46 was found

in agreement with the intermediate exchange found for the amide of lle-7. However, the

slow exchange of Ser-6 is not well accounted for by the weak hydrogen bond with its

own carbonyl oxygen. Furthermore, there are some differences between the X-ray and

NMR structure concerning the C-terminal residue Asn-46. in the X-ray structure the

amide of Asn-46 forms a hydrogen bond with the carbonyl of Cys-4 and also the amide

of Cys-4 with the side chain oxygen of Asn-46. Both the amides of Cys-4 and Asn-46 are

observed to be exchanging fast in solution. A slightly different conformation for the C

terminal residues, in which the side-chain of Asn-46 forms hydrogen bonds with Ser-6

and lle-7 and not Cys-4, seems to be possible and could explain the exchange behavior

of the amides of these residues.

The hydrogens of the N-terminal amino group have sofar never been seen in NMR
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spectra of proteins. Even in this specific case, where according to the X-ray they are

involved in a hydrogen bond within the p-sheet, we still expect fast exchange. The

slowly exchanging amide of lle-34 and the intermediate exchange of the amide of

Glu-23 can not be explained by minor conformational changes. A possible explanation

is offered by the recent observation that crambin can form aggregates [9]. Both amides

would then not be accessible for D2O. Since at this side of the molecule only

hydrophobic side-chains are found (i.e. lle-33, lle-34, lle-35, Ala-24 and Leu-25) we

believe that this part of the surface may be favourable for dimerisation.

CONCLUDING REMARKS

The secondary structure of crambin in solution and crystal are very similar. The

helices and p-sheet are the same and also for the first helix the 3 i 0 conformation of the

last residues is confirmed by the NW1R data. The positions of the turns are also

consistent with the X-ray structure. A possible difference between the X-ray and NMR

data concerns the C-terminal region which might adopt a slightly different conformation

in solution. A possible answer can come from the assignment of long range NOEs,

which is presently under investigation.
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Chapter 3

HMR study of the solution structure of crambin.
Sequential and stereospecific assignment of the

proton resonances and structure determination using
an iterative relaxation matrix approach.



The part on the crambin separation has been published in FEBS Lett. 219,

426-430(1987).
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ABSTRACT

The hydrophobic protein crambin displays amino acid heterogeneity in positions

22 and 25. Using reversed phase HPLC the mixture can be separated into its two

constituents, Ser-22/lle-25 and Pro-22/Leu-25. The proton resonances of both species

were assigned from 2D NMR spectra. For the Pro/Leu variant proton-proton distances

from NOE build-up rates were obtained. The effect of spin diffusion on the NOE intensity

was taken into account by means of an iterative relaxation matrix approach (IRMA). Two

IRMA cycles were completed. In the first cycle, the experimental NOE distances were

corrected for spin diffusion by IRMA calculations with an extended peptide chain as

starting structure. The distances obtained in this way were used to generate eight

structures by distance geometry (DG). One of the DG structures was used as input for a

second IRMA correction. These distances were used to refine the solution structure by

restrained molecular dynamics (MD). Stereospecific assignments of the prochiral

centres were made using J-coupling constants and NOE intensities. Also a procedure

which compares experimental NOE intensities with those based on the IRMA

calculations was used. With this latter procedure the stereospecific assignments could

be matia for a few prochiral centres for which no J-coupling information was available.

The final MD structures are very similar, the r.m.s. deviation is within 0.6 A. Compared to

the X-ray structure there is a small difference of 0.8-0.9 A.

INTRODUCTION

The water insoluble protein crambin has a molecular weight of 4.7 kDa. It is found

in the seeds of the plant Crambe Abyssinica. Although it is structurally related to several

plant toxins, its biological function is still unknown. The X-ray structure with a resolution

of 1.5 A is available [1] and it has been further refined to a resolution of 0.9 A [2]. This

structure shows that crambin contains two a-helices (residues 7-18 and 23-30), the last

residues of the first helix assuming a 310 helix conformation. Furthermore, it contains an

antiparallel p sheet formed by residues 1-4 and 32-35. As shown before [3], the

secondary structure elements are also present in solution when a 3:1 (v/v)

acetone/water mixture is used as solvent. Because the protein is cross-linked via three

disulfide bridges it is very stable against denaturation. The X-ray structure has been

used as a model system in a number of theoretical studies based on molecular

dynamics computations [4,5], for testing of potential energy functions [6] and for the

development of new methods to solve X-ray structures [7].

Our interest in crambin stems from the fact that it is a good model system for testing

a variety of algorithms used to generate NMR based structures of proteins in solution.
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such as Distance Geometry (DG) [8,9], Distance bounds Driven Dynamics (DDD) [10,11]

restrained Molecular Dynamics (MD) [12] combined with an iterative relaxation matrix

approach (IRMA) [13,14],

Isolated crambin displays amino acid heterogeneity at position 22, where either

Pro or Ser are found, and at position 25, occupied by either Leu or lie residues (Fig.1).

The crystallographic data suggested that the site 22 occupancy is ~ 60:40 Pro/Ser and

that of site 25 is -60:40 He/Leu [1]. Although the variant Pro-22/lle-25 was not found in

the analysis of the primary structure of crambin [15] it was nevertheless concluded that

this form was the predominant species in the X-ray investigations [1]. The same data

also showed that the heterogeneity at position 22 causes a disorder at Tyr-29.

In this paper it is shown that only two crambin species exist, Ser-22/lle-25 and

Pro-22/Leu-25. For both species the complete assignment of almost all proton

resonances will be derived. Furthermore, the stereospecific assignment of many

prochiral centres in the Pro/Leu variant could be obtained using J-coupling constants

and NOE derived distances. Based on the NMR data a structure of Pro/Leu crambin in

solution has been generated using DG, DDD and restrained MD, combined with an

iterative relaxation matrix approach (IRMA) which takes spin diffusion into account

[13,14]. Furthermore, the theoretical NOE intensities obtained from IRMA and the

experimental ones are used to make stereospecific assignments. In this way, the

J-coupling constants are not needed and therefore the stereospecificity can also be

determined for prochiral centres of which usually no coupling information is available.

The solution structure of crambin is very close to the X-ray structure, the r.m.s.

difference is only 0.8-0.9 A. This small difference can be due to the GROMOS force-field

which was used in the restrained molecular dynamics calculations.

Thr-Thr-Cys-Cys-Pro-Ser-Ile-Val-Ala-Arg-

15 20
-Ser-Asn-Phe-Asn-Val-Cys-Arg-Leu-Pro-Gly-

Pro Leu 30
-Thr- -Glu-Ala- -Cys-Ala-Thr-Tyr-Thr-

Ser He
35 40

-Gly-Cys-Ile-Ile-Ile-Pro-Gly-Ala-Thr-Cys-

45
-Pro-Gly-Asp-Tyr-Ala-Asn

| Figure 1. Primary structure of crambin.
1
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MATERIALS AND METHODS

Crambin was isolated by J. T. J. Lecomte according to the procedure of van Etten

[16]. All solvents were HPLC or sequence grade. Acetone-d6 (100%) was obtained from

Janssen Chemicals, 2 H 2 O (99.99%) was from Merck. The crambin species were

resolved by HPLC on a RV5 Chrompack column (250 x 4.6 mm) packed with Nucleosil

10 (C18). Elution was programmed over a linear gradient from 20% (v/v) CH3CN/H2O to

50% (v/v) CH3CN/H2O with UV detection. After lyophilisaiion the crambin fractions were

dissolved in either acetone-d6/1H2O or acetone-d6/2H20. Since the acetone rnethylene

protons exchange with water protons the intensity of the residual protonated acetone

signal in the NMR spectrum increases with time and after -48 hrs the signal becomes

intense. Therefore all 1H2O spectra were recorded on samples freshly prepared from

lyophylised material.

The 2D homonuclear Hartmann-Hahn (HOHAHA) spectrum in 1H 2O and all 2D

NOE spectra were recorded at 500 MHz a Bruker AM500 interfaced with an Aspect 3000

computer. All spectra were processed on a VAX 11/750 or a microVax II using the '2D

NMR' software written in FORTRAN II.

The HOHAHA spectrum in acetone-d6/1H20 (3:1. v/v) was recorded at 500 MHz

using an MLEV-17 pulse-sequence for the magnetisation transfer [17]. The length of the

17th pu ]S e corresponds to a 180= flip-angle. The 1H2O signal was suppressed by

irradiation during the relaxation delay (2s). The Bo field was locked on the acetone-d6

deuterium resonance. The time-proportional phase increment (TPPI) method was used

for the t-| amplitude modulation [18], 512 free induction decays (FIDs) of 2K data-points.

64 scans each, were collected. The t1 period was incremented from 38.0 us to 38.44 ms.

The time domain data in both dimensions were weighted with a sine-bell function shifted

by JI/3. The data were processed to give a phase-sensitive spectrum of 1K x 1K

data-points with a digital resolution of 6.51 Hz/point.

The double-quantum filtered (DQF) COSY spectrum of crambin dissolved in

acetone-d6 /2H20 was recorded at 500 MHz. TPPI was used and 512 FIDs of 2K

data-points, 64 scans each, were recorded. The t-i value was increased from 0.3 us to

38.4 ms. Because the 2D experiment was performed with a high repetition rate with

respect to the T-\ relaxation time, double-quantum coherences are created during the t1

period which cannot be filtered out. To suppress the creation of these double-quantum

coherences, the relaxation delay between the scans was varied randomly between

1200 and 1400 ms. The spurious HDO signal was suppressed by presaturation dunng

1s. For both domains a sine-bell shifted by n/3 was used and the data were processed

to give a phase-sensitive spectrum of 1K x IK data-points with a digital resolution of

4.88 Hz/point.

The 2D NOE spectra in acetone-d6/2H20 were recorded at 500 MHz, with a



32-step phase cycle [19] using TPPI. The HDO signal was suppressed by irradiation

during the relaxation delay (2s) and during the mixing time. The spectrum consists of

512 FIDs of 2K data-points, 96 scans each. The time domain data were weighted with a

sine-bell shifted by n/3 in both directions. The resulting phase-sensitive absorption

spectrum has a digital resolution of 4.88 Hz/point.

The 2D NOE spectra for the NOE build-up data were recorded following the same

protocol, except that now each spectrum consists of 424 FIDs of 32 scans each. Two

build-up series in 2H2O and 1H2O, six spectra each, were recorded. The mixing times

are 20, 40, 80, 120 , 160, and 250 ms, respectively. Each set was recorded in one

measuring session. All time domain data were weighted with a sine-bell shifted by n/3.

Within one set the same phase correction parameters were used for all six spectra. The

final 1K x 1K spectra have a digital resolution of 5.43 Hz/point for the 2H2O spectra and

6.10 Hz/point for the 1H2O spectra. The correction factor for the difference in signal

intensity between the two sets was determined from the build-up rates of the aromatic

cross-peaks of Tyr-29 and Phe-13 and checked on other cross-peaks involving the

aromatic protons. The cross-peak intensities involving the exchangeable protons were

integrated in the 1H2O spectra, all others in the 2H2O spectra.

Also 2D NOE spectra in acetone-d6/1H2O were recorded at 500 MHz, without

presaturation of the H2O signal. Instead, the last 90° pulse of each scan was replaced

by a semi-selective 1-3-3-1 pulse [20]. To remove unwanted xy magnetisation, a short

field-gradient pulse was given prior to the selective pulse. The carrier was placed on the

H2O signal and bcth TPPI and the 32-step phase cycle were used. The t-, period was

increased from 40 \is to 37.04 ms. The time domain data were weighted with a sine-bell

shifted by K/3. The final 1K x 1K phase-sensitive spectrum has a digital resolution of

6.10 Hz/point.

All 2D spectra were subjected to a baseline correction in the co-j direction [21], For

the spectra of both build-up series and the spectra recorded in acetone-d6/1H20 the

baseline correction was also done in the co2 direction.

THE IRMA PROCEDURE

The solution structure of crambin was determined from the observed NOEs using

the Iterative Relaxation Matrix Approach, or IRMA [13,14], in combination with DG, DDD

and restrained MD calculations. Structure calculations are performed using constraints

derived from the experimental NOE build-up with spin diffusion corrections based upon

a model structure. Subsequently the new structure is used as input for a recalculation of

• the constraints. The whole procedure, IRMA calculation and DG, DDD or MD structure

" refinement, is repeated until the constraints and the average structure converge. In the
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present work a linear extended chain was used as the initial structure, and two cycles

were carried out.

The IRMA procedure simulates the cross peak and diagonal NOE intensities A/; -

where / and j denote individual spins - as a function of the mixing time fm t", solving the

Bloch equation for the complete spin system

A(fm) = A(0) exp(-R/m) (1).

R is the relaxation matrix; its elements R,ycan be related to the spectral moments of the

dynamical behaviour of the position vectors connecting spin / to spin j [22]. Eq. 1 not

only describes the effect of direct magnetization transfer between two spins, but also

includes all spin diffusion effects where magnetization is transferred indirectly via

neighbouring ;rotons [22]. In principle R might be computed from the observed

intensities A by inverting Eq. 1 [24]. This would give an immediate improvement on the

usual two-spin analysis where RtJ is derived from A,yfor each spin pair (/separately [13].

In practice, however, many NOEs cannot be identified, due to lack of intensity or to

unresolved overlap, and the direct computation of R is impossible. IRMA therefore

supplements the experimental information with theoretical data calculated from a model

structure.

Assuming that the molecule is rotating isotropically while remaining rigid, the

theoretical Rv elements are calculated directly from the interproton distances and the

rotation correlation time fc [13,14,25]. An extra decay term 1/7, is added to the diagonal

of the theoretical matrix Rth to describe external leakage. Rth is subsequently modified to

take into account the effects of methyl group rotations and of aromatic ring flips. These

internal motion effects may be approximated by averaging all corresponding relaxation

matrix elements of the kinetically equivalent protons [26,27].

Given a molecular structure the theoretical NOE intensities A Ih(f^) are computed

from Eq. 1 by standard matrix diagonalization techniques. They are then combined with

the experimental intensities Ae*P(fm), after scaling of the latter using a suitable set of

calibration peaks, i.e. in A t h(rm) elements are replaced by the corresponding

experimental values for each proton pair for which an NOE has been observed.

Experimental intensities to which more than one proton contributes, as is the case with

methyl groups and with the C5 and CE protons of Tyr and Phe, are divided by the proper

multiplicity factor.

Subsequently the combined NOE matrix A is transformed back to a new relaxation

matrix R, again using Eq. 1. This matrix differs from the original one because Ae"P and

A th are not the same; their (in)equality can be used as a measure of convergence of the

whole IRMA procedure. Due to experimental errors and the inconsistencies between the

theoretical and experimental NOE matrices the new R matrix is not the same for all
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mixing times. IRMA uses the variation with fm as a measure for the reliability of the

distance rVj between protons / and j. The latter can be derived directly from R,y. Upper

limits Ujj and lower limits \lj are defined as

,c ^1 '6

u = r | a.. - e.

(2)
1/6

L= r\ a + e::

where again the rigid molecule assumption has been made. Here rc is a calibration

distance, CTC is the calculated cross relaxation rate at rc, and elt is the standard deviation

of the cross relaxation rate with respect to its average av defined as

0)

where the weight factors were defined as the experimental NOE intensities, i.e. w,y (fm) =

A,yexP(fm). Relaxation matrix elements that differ by more than the standard deviation

from the average were excluded from the calculations; subsequently new averages and

deviations were computed in order to remove artifacts at small fm due to zero-quantum

coherences and experimental noise.

The distance limits u,j and /,y were used directly as upper and lower distance

constraints in the simulations. In cases where protons can not be assigned

stereospecifically, i.e. all -CH2 protons, the C5 and CE protons of Tyr and Phe, and -NH2

protons, the usual pseudo atoms were introduced [28,29] and the bounds were relaxed

accordingly. For methyl groups, however, no pseudo atom correction was applied, since

the process of kinetic averaging of the relaxation cross rates and recomputation of the

distance from a single a value (Eqs. 2,3) leads to a distance value that is more

representative of the distance to the mass-centre of the three equivalent protons, i.e. the

pseudo atom, than of the distance to any of the individual protons. Hence, the distances

were directly referred to the pseudo atom position without further corrections applied to

the constraints.

46



MODEL BASED STEREOSPEC1FIC ASSIGNMENTS

Except for proline residues the procedures for obtaining stereospecific assignment

of the prochiral centres are based on a combination of J-coupling and NOE and

therefore depend on the availability of J-coupling information [30,31]. However, for long

side chains, it is often difficult to obtain coupling constants. Moreover, for increasing line

widths the measured values become unreliable due to cancelation of antiphase

multiplet components.

Here we propose an alternative procedure, which is solely based on experimental

NOEs. Potentially the method can be particularly valuable for larger proteins, where the

J-coupling information cannot easily be obtained. In the present approach experimental

NOEs are compared with theoretical values calculated from a model structure using

Eq. 1. All proton pairs for which at least one NOE contact has been found can be

investigated. The method works for Ca protons of Gly, for CP, C~< and C5 protons of

methylene groups, for methyl groups in Val and Leu, and in principle also for the amide

~NH2 groups.

The stereospecific assignment for a pair of prochiral protons or methyl groups (/,/')

is based on a subset of all NOEs found to these protons. Of all NOEs involving / only

those are used for which A,ye*P > aNm, max(A,yth, A,-'ylh) > ahm and |A,yTh - A,-'y'h| > adlf,

where j runs over all uniquely assigned protons for which an NOE involving ; has been

found. By choosing appropriate values for aUm and adlf only constraints that are

sufficiently discriminating between the two possible assignments will be selected. The

assignment is then based upon the ratio between experimental and theoretical values -

after scaling of the two matrices - for a given mixing time. We calculate the quantities

(4a)

and for the alternative assignment:

(4b)

and their r.m.s deviations f^ms and f2
rms. where j runs over the constraint set selected for

(f i and k runs over the constraint set selected for / ' . Depending on whether ^ or f2 is

-f closest to 1 the following assignment is made:
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/ -> / ("no swap") if |1-r,| < II-/2I,
f,rms < f2rmSi

f,™*<\f,-f2\ (5a),

or

/ - > / ' ("swap") if | i - f 2 l < l 1 - ^ i l .

f2 ' ^< | f1_/2 | (5b).

If not all three conditions can be met simultaneously, or if none of the constraints passes

the selection criteria, the data are considered to be statistically unreliable. In order to

avoid any bias IRMA then averages the corresponding experimental NOE intensities of

the prochiral proton pairs before merging them with the theoretical data.

In the present work the selection parameters alim and adif were both set to a value of

0.003. (The maximum value of an element of Ath is 1, the highest value encountered in

practice - for a p2p3 contact - is about 0.1). This guarantees the inclusion of strong NOEs

corresponding to distances of about 3 A, such as intraresidue ap and pN and many

sequential contacts, plus some of the medium and long range contacts. At the same time

the two assignments should correspond to reasonably different intensities: the given

parameters require that for NOEs corresponding to distances of 3 A the intensities differ

by a factor of about 2, i.e. a difference in distance of about 0.3 A.

RESULTS AND DISCUSSION

Separation of the crambin species.
Because crambin displays amino acid heterogeneities at positions 22 and 25,

these residues and those surrounding them will have different resonance frequencies in

the various crambin species and complicate the analysis of the 2D NMR spectra.

Therefore, we first separated the crambin mixture into its constituents.

Using reversed phase HPLC, crambin can be separated into two fractions (Fig. 2).

Most likely this is due to the difference in hydrophobicity at position 22 (Pro or Ser). The

amino acid composition of the two species (Table 1) is indeed clear as far as the

Pro/Ser substitution is concerned. Fraction I carries the Ser in position 22, whereas

fraction II contains the Pro. Also for Leu the analysis is clear, fraction I contains one Leu

residue while two of such residues are found in the other fraction. Unfortunately, the

numbers for lie content are less clear but nevertheless the data show that the amino

acid compositions of the two fractions differ by one lie. These results indicate that only

two crambin species exist, i.e. fraction I is Ser-22/lle-25 (Ser/lle) and fraction II has a
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Pro in position 22 and a Leu in position 25 (Pro/Leu).

As mentioned above, the heterogeneity at position 22 causes a disorder at Tyr-29

[1]. The C2,6 and C3,5 proton resonances of the rapidly flipping Tyr-29 are doubled,

while this is not the case for the aromatic resonances of Tyr-44 and Phe-13. This

observation has been used to assign the aromatic resonances in the 1H NMR spectrum

of crambin [32,33]. The 1H NMR spectra of the aromatic region of the crambin mixture

and the two HPLC fractions are shown in Fig. 3. The spectra show that the heterogeneity

at position 22 indeed causes the splitting of the aromatic resonance of Tyr-29 and that
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Figure 2. HPLC profile of the natural crambin, a mixture of two components. A linear

gradient from 20% to 50% acetonitrile-water is shown. Fractions are indicated I and II

according to the order in which they elute.

Table 1

Amino acid composition of crambin speciesa.

Asp
Thr
Ser
Glu
Gly
Ala
Cys
Val
lie
Leu
Tyr
Phe
Arg
Pro

Fraction I

4.3 (4)
6.1 (6)
2.9 (3)
1.0(1)
4.4 (4)
5.3 (5)
5.3 (6)
1.9(2)
4.3 (5)
1.1(1)
1.8(2)
1-0(1)
2.2 (2)
4.4 (4)

Fraction II

4.2 (4)
6.0 (6)
2.1 (2)
0.8(1)
4.3 (4)
5.1 (5)
5.4(6)
2.0 (2)
3.3 (4)
2.1 (2)
1.9(2)
1.0(1)
2-1 (2)
5-4 (5)

a) Values measured for HPLC fractions I and II. The numbers in parentheses are deduced
assuming that these fractions contain single protein species
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the difference in hydrophobicity due to the substition of residue 22 separates the two

fractions. Fraction I, the Ser/lle species, is not pure but later in this chapter it will become

clear that this impurity consists of some residual Pro/Leu crambin. Moreover, the two

fractions can be collected in such way that also Ser/lle crambin is obtained in a pure

form. The conclusion that only two crambin species exist is also based on the analysis of

the methyl region in two-dimensional (2D) double-quantum filtered (DQF) COSY spectra

Fig. 4). All methyl resonances can be accounted for in spectra of both forms and the only

differences between them are the resonances of lle-25 and Leu-25. The identification of

the methyl resonances is based on the sequential assignment and will be shown later in

this chapter.

Y29

i 1 1 1 1 1 1 1 r

7 4 7 2 P P M 7 ° 6 8 66

Figure 3. Aromatic region of the 500 MHz 1H NMR spectra of (A) crambin mixture, (B)

fraction I (Ser/lle crambin), (C) fraction 11 (Pro/Leu crambin). Assignments of Tyr-29,

Tyr-44 and Phe-13 protons are indicated.
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Figure 4. 500 MHz W double quantum filtered COSY spectra of (A) Pro/Leu and (B)

Ser/lle crambin recorded in acetone-d6/
2H2O. The regions containing all cross-peaks

involving all methyl resonances are shown. The complete assignment of the

cross-peaks is indicated in the spectra. In addition, the resonance positions of the

protons of Leu-25 (A) and lle-25 (B) are indicated on the right side of the spectra. The lie

y protons and the Leu S protons were only pairwise assigned.



Assignment of the proton resonances of both crambin species.

As already reported before [3] many amide protons of the Pro/Leu species

exchange slowly. Most of these amides are found in the two a helices and the (3 sheet.

The same is true for Ser/lle crambin. Therefore, large segments can be assigned in

spectra of both peptides in acetone-d6/2H2O (3:1). These assignments were carried out

according to known procedures [34,35]. First a number of spin systems was identified.

Identification of spin systems. Most spin systems were identified from

homonuclear Hartmann-Hahn (HOHAHA) spectra recorded of the peptides in both

acetone-d6/2H20 (3:1) and acetone-d6/1H20 (3:1). From now on these solvents will be

referred to as simply D2O and H2O. The HOHAHA spectra were compared with COSY

and double-quantum filtered (DQF) COSY spectra to distinguish the direct from the

remote connectivities. The direct and remote connectivities of the amide resonances of

the Pro/Leu species in a HOHAHA spectrum recorded in H2O are shown in Fig. 5. In this

spectrum no connectivities could be identified for the amide protons of residues 7, 11

and 13. The reasons for this are that either the C a proton resonates too close to the

water frequency and is therefore saturated, or that the amide resonance is too far away

from the carrier position and that the fraction of the magnetisation that is spinlocked by

the effective field is too small to result in a cross-peak. However, the amide-C« proton

cross-peaks that are missing in the HOHAHA spectrum could all be identified in the

COSY and DQF-COSY spectra recorded under slightly different conditions (pH and

temperature). These spectra have been discussed before [3]. Similar results were

obtained for the Ser/lle crambin.

Before the sequential assignment was started, all valine spin systems (2), 2 out of 4

glycines, and 12 possible AMX spin systems were identified. For the threonines and the

alanines there was the problem that the C" and CP protons of one of the threonines

have the same chemical shift. Therefore, 4 out of 5 threonine spin systems could be

identified, while one of the remaining 7 'alanine-like' spin systems must be a threonine

(this spin system was therefore dubbed thralanine). The sequential assignment showed

that it is Thr-30 and the coupling constant measured on the |3-y cross-peak confirmed

this. For a threonine the (J-y coupling is generally smaller than the a-p coupling of an

alanine [36]. For the Pro/Leu crambin the a-(3 coupling constants of the alanine are all

-10 Hz, while the p-y ones of the threonines are all ~8 Hz.

The aromatic spin systems of the two tyrosines and the phenylalanine were easily

identified from both HOHAHA and COSY spectra. The remaining spin systems were all

characterized during the assignment process.

Sequential assignment from 2D NOE spectra. A starting point for the

assignment was the unique residue Phe-13. The aromatic proton resonances of this

residue were already identified from the HOHAHA and COSY spectra. These protons

have NOEs with three AMX spin systems. These same spin systems are also present on



several amide lines and one of them must be Phe-13. Using d a N and d N N connectivities,

only one possibility (Figs 6 and 7) led to the assignment of the unique tripeptide

AMX-AMX-Val, which matches Phe-13, Asn-14 and Val-15, respectively. Continuing at

Val-15, the connectivities up to Leu-18 are straightforward. Here, the sequential

assignment stops at the proline in position 19. Going backwards from Phe-13, d a N and
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Figure 5. Assignment of the spin systems from a 500 MHz HOHAHA spectrum recorded

for Pro/Leu crambin in acetona-dg/1H2O. The residue-specific identification resulting

from the sequential assignment is shown. The direct connectivities, identified from a

comparison with COSY and DQF-COSY spectra, are indicated by the standard one

letter code for the amino acids and the sequence number. Remote connectivities are

indicated by the residue number only.
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d N N connectivities until Val-8, which is the only remaining valine, could be established.

Since the amide proton of lle-7 has exchanged the assignment stopped at this residue.

Note that these 2D NOE spectra were obtained in D2O. The pathway from Val-8 to

Leu-18 is the same in both crambin species. All spin systems of this segment which had

not been found before the sequential assignment was started, were identified from

HOHAHA spectra in both H2O and D2O. A nice example is the side chain of Arg-17. The

amide proton of this residue has a strong connectivity with its Ca proton and weaker

ones with the CP protons (Fig. 5). The side chain NE proton has two intense cross-peaks

with the C5 protons and weak ones with the C^and also with the CP protons. In this

70

Figure 6. Assignment of backbone amide and Ca protons of part of the first helix (7-18)

of (A) Pro/Leu and (B) Ser/lle crambin from 500 MHz 2D NOE spectra recorded in

acetone-d6/
2H2O. The spectra were recorded immediately after dissolving the fully

protonated proteins. Therefore, the spectra contain both slowly exchanging amide

protons and those which exchange on an intermediate time scale. The cross-peaks in

the Ser/lle spectrum which are due to the Pro/Leu impurity are marked with an asterisk.
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manner the spin system of Arg-17 is characterized completely. The connectivities of this

residue which are found in the aliphatic region of the HOHAHA spectrum are in

agreement with the assignment shown in Fig. 5.

A second peptide segment which was assigned from the spectra recorded for the

crambin variants in D2O comprises part of the second a helix and one strand of the (3

sheet. The assignment of this stretch was started at Tyr-29 (i.e. Fig. 1). Only the aromatic

C2,6 protons have cross-peaks with one AMX spin system. At the same a^ frequencies,

corresponding NOEs with two amide protons are also found, i.e. Tyr-29 and its

neighbouring residue Thr-30. One of these amides has strong 6N^ and weak 6a^

connectivities to another threonine spin system (Thr-28) and must therefore be the

amide of Tyr-29 (Figs 8 and 9). Continuing at Thr-28 the sequential steps to lle-25 could

be made unambiguously for the Ser/lle crambin. In the Pro/Leu form the amide protons

65
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Figure 7. Amide-amide (dNN) connectivities of part of the first helix of crambin. The

display shown here is from the same spectrum of Pro'Leu crambin of which an other part

is shown in fig 6A. The cross-peaks are labelled according to the assigned amide proton

frequencies on the co1 and o)2 axes, respectively.



of Cys-26 and Thr-28 have the same chemical shift. Therefore, the d N N NOEs between

residues 26 and 27 and between 27 and 28 overlap. However, in both crambin species

the Ca and side chain protons of both Thr-28 and Cys-26 resonate at almost the same

frequency and comparison of the spectra (Figs 8A and B) gave the correct assignment

for these residues in Pro/Leu crambin. Then, in Pro/Leu the step to Leu-25 was again

straightforward. In both proteins the amide of Ala-24 has exchanged but the amide

protons of both lle-25 and Leu-25 have cross-peaks with an alanine spin system giving
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Figure 8. Assignment of backbone amide and Ca protons of part of the second helix

(23-30) and one strand of the /3 sheet (32-35) of (A) Pro/Leu and (B) Ser/lle crambin. 2D

NOE spectra were recorded in acetone-d6/^H2O, at 500 MHz. For more details see

caption to fig. 6
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the assignment of the C" and CP protons of Ala-24. Comparison of the spectra of Ser/lle

and Pro/Leu (Figs 8A and B) shows that the impurity which is present in the Ser/lle

species is indeed Pro/Leu crambin. For instance, in the Ser/lle spectrum there is a small

cross-peak at exactly the same frequencies (wj = 4.22 ppm; 02 = 7.12 ppm) as the

intraresidual NOE between the amide and C a protons of Leu-25 in the Pro/Leu

spectrum. The same is true for the other protons which have different chemical shifts in

both species, i.e. cross-peaks involving Cys-26, Ala-27 and Thr-29. Also the aromatic

resonances of Phe-13 are different in both variants (Fig. 9).

6 5 -

7.0-

9 5-J

70 65

Figure 9. Amide-amide (dNN) connectivities of part of the second helix and one strand of

the p sheet of crambin. The region shown here is taken from the same spectrum, part of

which is shown in Fig 8B. Cross-peaks due to residual Pro/Leu species are marked by

an asterisk.
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From the assignment of Tyr-29, it is possible to establish sequential connectivities

up to lle-35. Strong d N N and weak d a N connectivities are found between Tyr-29 and

Thr-30. which is the threonine with the equivalent Ca and CP protons. The same is true

for the sequential steps involving Gly-31 and Cys-32. After this last residue the intensity

of the sequential NOEs changes. The assignments of the segment from Cys-32 to lle-35

is along strong d a N connectivities. In contrast, the d N N NOEs are either very weak or

absent.

At this stage of the assignment all valines, leucines and isoleucine, except lle-7,

were identified. Therefore, it was possible to characterize completely the methyl region

in the DQF-COSY spectra of both crambin species, since the remaining cross-peaks

would be those of lle-7. Furthermore, the assignments made so far suggest that the

chemical shifts of the side chain protons of lle-7 should be expected to be very similar in

both forms. The results have already been shown in Figs 4A and 4B.

Although still a few amide protons were left unassigned in the D2O spectra, it was

not possible to identify them unambiguously. Therefore, the remaining parts were

30-

5 0 -

90 8 0 (i)2(PPM)
I

70

Figure 10 Assignment of backbone amide and C« protons of Ser/lle crambin: 2D NOE

spectrum recorded in acetone-d6/
1H20 at 500 MHz. Only those assignments which

could not be made in the spectra recorded in acetone-d6/
2H20 are indicated. The

broken lines connect the cross-peaks of the CP protons of Asn-12 and Asn-14 with the

side chain -NH2 protons. For more details see text.
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assigned from spectra taken in acetone-d6/1H20. Since these assignments are again

very similar in both crambin species they will be illustrated for the Ser/lle form.

Because Phe-13 and Tyr-29 resonances were already assigned, the only

remaining aromatic resonances are those of Tyr-44. The amide proton of Tyr-44 was

found in the same way as described for Tyr-29 and the sequential steps to Asn-46 and

Gly-42 could be completed using both d N N and d a N connectivities (Figs 10 and 11 ).

Note that the Ser/lle crambin used for recording this spectrum was from another HPLC

batch and that no impurities of the Pro/Leu species are present.

The C n and CP protons of Ala-24, which were already assigned from the D2O

spectra, identified the amide proton and from here on the sequential assignment in the

Ser/lle species could be completed down to Pro-19. The d N N and daN connectivities are

shown in Figs 10 and 11. In Pro/Leu crambin the proline in position 22 will cause a

break in the sequential assignment. The resonances of Pro-22 were identified from a

comparison of the HOHAHA spectra recorded for both species. Because the protons

belonging to the other residues in this segment (19-24) have very similar chemical shifts

in both species, comparison of the 2D NOE spectra also resulted in the assignment of

these residues in Pro/Leu crambin.

8 0 -

9 0 -

90 10 in. ==M

Figure 11 Amide-amide connectivities belonging to the assignments shown in figure 10.

59



To this point, three threonines remain to be identified. The four amino-terminal

residues contain two consecutive threonines followed by two cystines (Fig. 1). Only one

assignment matched this. Although the amide protons of Thr-1 are not detected in the

spectrum, the sequential NOEs of Thr-2 lead to the assignment of the C a and side chain

protons of this residue. Obviously the last threonine left must be Thr-38, the sequential

steps for the stretch from Gly-37 to Cys-40 are shown m Figs 10 and 11.

The sequential assignment of lle-7 and Ser-6 was started at Val-8, which was

already known from the D2O spectra. The d N N and d a N connectivities between residues

7 and 8 are shown in Fig. 10. The intransidual cross-peaks of the amide proton of lle-7

are in full agreement with the assignments in the methyl region from the D2O spectra

(Fig. 4). Now, in the Ser-lle species still two HOHAHA connectivities were present in the

fingerprint region while only one residue was not yet assigned (Ser-6). The explanation

is that there are two amide proton resonances for Ser-6, arising from two different

backbone conformations. These are denoted by Ser-6 and Ser-6'. Because t h e C a

protons have the same resonance frequencies, there is only one d a N NOE between lle-7

and Ser-6 (Fig. 10). In the amide region there is one <JNN connectivity which goes to the

Ser-61 amide proton (Fig. 11). In the Pro/Leu crambin only one Ser-6 amide resonance

is found which corresponds to the Ser-6' of the Ser/lle variant.

The Ca proton resonances of the proline residues were the starting points for the

identification of these spin systems. The Ca protons itself were identified by the

sequential cross-peaks between them and the amide proton of the i+1 neighbouring

residue (Fig. 10). This amide proton also reveals sequential NOEs with other prolyl

protons which were used to check the assignments. Since the C6 protons of a proline

residue are located at approximately the same spatial position as the amide proton in

other residues, cross peaks between them and the Ca proton of the residue in position

i-1 can be considered to be equivalent to the 6aN connectivity between two residues

carrying an amide proton. For two prolines such connectivities could be assigned

unambiguously, i.e between Pro-5 and Cys-4 and between Pro-41 and Cys-40. For

Pro-19 and Pro-36, as well as for Pro-22 in the Pro/Leu species, these NOEs could not

be identified because they occur in a crowded region of the spectrum close to the

diagonal.

Finally, the assignment of the exchangeable side chain N i protons of Arg-10 is
indicated in Figs 10 and 11.

The chemical shifts of the assigned proton resonances of both crambin species are
listed in Table 2.
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Table 2

Chemical shift of the proton resonances of crambin. The chemical shifts of the Ser/lle

species are shown in italics.

ammo acid
residue

Thr-1
Thr-2
Cys-3
Cys-4
Pro-5

Ser-6
Ser-6'
lle-7

Val-8
Ala-9
Arg-10

Ser-11
Asn-12
Phe-13

Asn-14
Val-15
Cys-16
Arg-17

Leu-18
Pro-19
Gly-20

Thr-21
Pro-22

Ser-22
Glu-23
Ala-24
Leu-25

lle-25

Cys-26
Ala-27
Thr-28
Tyr-29

Thr-30
Gly-31

Cvs-32

NH

—

8.62 8.67
9.13 9.70
9.09 9.03
—

- 6.67
6.99 7.00
9.16 9.20

7.68 7.65
8.06 8.05
7.79 7.80

8.39 8.40
8.57 8.47
9 30 9.28

8.69 8.79
8 31 8.77
8.22 8.72
7.74 7 75

7.65 7.65
—

8.14 S.2T

6.98 6.93
_.

850
9 18 9.32
9.52 8.59
7.12

Z45

7.68 8.36
9.17 9.53
7.67 7.77
7.94 7.87

7.59 7.60
8.09 7.97

7.73 7.79

C«H

4.19 4.07
5.24 5.79
5.07 4.98
5.41 5.47
4.43 4.58

— 4.80
4.79 4.80
4.13 4.75

3.78 3.79
4.50 4.50
4.61 4.59

4.39 4.47
4.55 4.55
4.04 3.99

4.41 4.43
3 74 3.77
4.12 4.08
4.09 4.06

4.24 4.27
4.70 4.66
3.59 3.56
4.34 4.36
4.15 4.06
4.44

4.37
3.69 3.82
4.17 4.72
4.22

3.80

4.64 4.68
4.06 4.73
4.04 4.73
4.53 4.46

4.64 4.69
3.96 3.98
4 39 4.40
5.19 5.22

CPH

4.27
3.75
2.61,
2.95,
1.65,

—

4.06.
200

2.05
1.75

4.08.
2.74,
3.57,

2.82.
2 26
3.31.
1.78.

2.09.

4.08
2.00,

4.47
2.95
2.03

—
4.34

4.08
3.23
3.90

3.34

3.54
1.91

2 29

,2.66

2.21-2.32
1.53
1.69

2 65
1.62
4.34
3.12

4.64

2 42

, 1.78

,2.92

,3.30

. 2 79

others

4.27
3.71
2.56. 4.65
2.91. 2.91
1.71. 1.99

4.05, 4.34
4.05. 4.34
2.01

2.07
1.71

4.05. 4.05
2.73. 3.14
3.58. 3.80

2.79.3.33
2.25
3.15.3.52
1.70. 186

3.88

1.48

2.06

2.50.2.73
1.63
4.39
3.06.3.77

4.69

2 47. 2 60

CYH3

CYHo
C5H2

c"rt-i2
C"0H3

C^H-3
C » 3

C 6 H 2

NCH

N S H 2

C2.6H
C3.5H
C4H
! \ ] S H 2

C " I H 3

CVH2

C ^ H 2

NFH
C 5 H 3

C 5 H 2

C?H 3

C7H 2

C 5 H 2

CYH2

CYH
C S H 3

CYH2

C « H 3

C Y H 3
C2.6H
C3.5H
C"!TH3

1.19
1 02

2.23,
3 79,

1.35.
1.05
0.99
1.06.

2.05,
9.58

6.71,
7.23
7.39
7 27
7.09.
1.05.

1 38.
2 66.
7.31
0.90.
3.72.

1.38
2 23.
3.71.

2.23
3.79

1.72

1.14

3.46

7.53

7.83
1 22

1 49
3.15

1.00
4 09

2 23
4 16

2.53-2.65

1.61
0 93.

1.25
7.18
6.76
1.51

0 98

7.76
0.76

2.25. 2.25
3.81. 3.81

1.36.1.73
1.05
0.99
1.01. 1.10

2.05. 3.45
9.69

6.68. 7.55
7.21
7.49
7.40
7.03. 7.75
1.00. 1.18

1.23. 1.23
2.62.3.17
753
1.01. 1.10
3.70. 4 06

1 36

1.19. 1.70
0.82
0.98

1.15
7.29
6.78
1.43
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Table 2 continued.

lle-33

lle-34

lle-35

Pro-36
Gly-37
Ala-38
Thr-39
Cys-40
Pro-41

Giy-42
Asp-43
Tyr-44

Ala-45
Asn-46

9 01 9.00

8.19 8.09

8.43 8.54

8.02 7.86
8.46 8.43
7.73 7.66
8.75 8.71

8.80 8.81
8.35 8.68
8.12 8.04

7.70 7.56
8.08 8.07

Constraint list

4.78

4.69

5.01

4.62
3.87
4.47
4.60
4.92
4.63

4.10
4.70
4.48

4.51
4.71

4.78

4.78

4.99

4.66
4.10
4.45
4.55
4.90
4.62

3.89
4.63
4.49

4.48
4.68

1.69

1.66

2.08

2.01,

1.50
4.01
2.68,
2.22,

2.92,
2.52,

1.43
2.07

2.31

3.44
2.46

3.10
3.04

,2.63

1.63

1.64

2.05

2.06,

1.45
3.99
2.64.
2.28.

2.78,
2.41,

1.34
1.94,

2.14

3.47
2.46

2.93
2.93

2.57

C W 2

C6H3

C7H2

CYH3
C 5 H 3

CYH2

CYH3

C°H3

CTH3

CYH2

C 5 H 2

C2.6H
C3.5H

NaH2

0.89,
0.66
0.25
1.08,
0.78
0.88
0.96,
0.82
0.78

1.25

2.06
3.71

6.87
6.93

6.70

1.16

1.41

1.45

,2.06
,3.83

,7.13

0.80, 1.10
0.60
0.16
1.14, 1.43
0.81
0.90
1.00. 1.46
0.82
0.79

1.19

6.86
6.94

6.68. 6.91

For high-resolution structure determination, identification of as many NOEs as

possible is required. In most cases the chemical shifts of the protons were such that the

NOEs could be assigned unambiguously. In cases where this was not possible

comparison of spectra recorded under slightly different conditions or a comparison of

data for the two variants gave a unique assignment.

In this way an extensive set of more than 800 cross-peaks could be identified. For

the NOE build-up series in both H2O and D2O, the intensity of 775 cross peaks could be

measured. After a visual inspection of the build-up curves 77 cross peaks were removed

from the list, since the quality of the build-up curve was too poor; 52 other NOEs which

are close to the water frequency were identified in spectra recorded with 1-3-3-1

semi-selective pulses, but for these no build-up was available (for more details see the

section on materials and methods). These peaks were not used in the IRMA analysis,

but corresponding upper bounds with a value of 5 A - before pseudo atom correction -

were introduced in the simulations. Whenever the two symmetry related peaks were

identified, the one with the narrowest range between upper and lower bound calculated

according to Eq. 2, was chosen. This led to a total of 465 unique proton - proton contacts

remaining for the build-up analysis. Introduction of pseudo atoms resulted in 312 unique

constraints, giving rise to both upper and lower bounds, plus the 52 constraints
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mentioned above for which a large upper bound was used and a trivial lower bound

equal to the sum of the van der Waals radii. The three disulfide bridges were introduced

in the Distance Geometry calculations as having an upper bound of 2.1 A and a lower

bound of 1.9 A; in the Molecular Dynamics calculations the disulfide links were

represented by the force field. Table 3 gives the numbers of short, medium and long

range constraints plus the average values. Table 4 iists all non-sequential inter-residue

constraints. Furthermore, the distances found in the final average structure and the IRMA

upper bounds generated for this structure are listed in this Table. These data will be

discussed in the next section.

Table 3

Distribution of short, medium and long range NOEs observed for crambina.

without pseudo corrections with pseudo corrections

difference in
residue number

0
1
2
3
4
5

>5
total

number
of NOEs

267
88

2
20

5
8

75
465

average
constraint (A)

2.9
3.2
3.0
3.1
3.2
3.3
3.6
3.1

number
o! NOEs

177
77

2
17
3
6

65
347

average
constraint (A)

4.0
3.7
4.0
3.S
4.3
4.6
5.3
4.2

a) Constraint values were obtained from an exponential fit to the experimental build-up curve, using a
two-spin approximation.

Table 4

Non-sequential constraints derived f rom 2D NOE spectra of crambin a .

residue atom residue atom distances (A)

average structure & irma upper bounds c

1 Thr CT+3 38 Ala C«H 4.4 3.8
1 Trtr CTW3 39 Thr C°H 3.7 3.5
2 Thr C°<H 34 He C°H 2.2 2.4
2 Thr C°» 34 lie CTH3 4.1 4.0
2 Thr C«H 35 He H 3.5 3.6
2 Thr CPH 13 Phe C3.5H 4.1 4.2
2 Thr CVH3 13 Phe C3.5H 3.5 4.3
2 Thr CVH3 13 Phe C4H 3.2 3.6
2 Thr CVH3 34 He C°H 3.9 3.7
3 Cys H 34 lie C°H 3.3 3.6
3 Cys C°U 44 Tyr cPLH 3.4 2.6
3 Cys CTH 44 Tyr cPLH 4.8 2.5
3 Cys CPLH 40 Cys CPHH 2.7 2.6
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Table 4 continued.

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
5
5
5
5
5
5
5
5
5
5
5
5
6
6
7
8
8
9
9

10
10
10
10
10
12
12
12
12
13
13
13
13
13
13
13
13
13
13
13
13
13
13

Cys
Cys
Cys
Cys
Cys
Cys
Cys
Cys
Cys
Cys
Cys
Cys
Cys
Cys
Cys
Pro
Pro
Pro
Pro
Pro
Pro
Pro
Pro
Pro
Pro
Pro
Pro
Ser
Ser
lie
Val
Val
Ala
Ala
Arg
Arg
Arg
Arg
Arg
Asn
Asn
Asn
Asn
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe
Phe

H
C°»
C«H
COM
COH
C°<H
C°H
C°<H
Cß°H
Cß°H
Cß°H
Cß°H
Cß°H
cß°H
Cß°H
CßLH
CßLH
Cß*H
CßHH
CT°H
CT°H
C5 LH
C S L H

cSL H

C5 LH
C5HH

c«nH
H
H
C«H
C«H
C«H
C«H
C<*H
C«H
C°H
C S L H

C5 LH
CBL-H

cm
C°H
Cßl-H
CßHH

H
C«H
C«H

C°H
CßLH
CßHH
C2.6H
C2.6H
C2.6H
C2.6H
C2.6H
C3.5H
C3.5H
C3.5H

46
9

32
32
32
33
44
44

6
9

10
10
10
32
46
44
44
44
44
44
44

9
32
44
44

9
32

9
10
46
11
11
12
12
13
13
13
14
14
15
15
30
30
30
16
26
30
30
30
26
26
27
27
30
23
26
26

Asn
Ala
Cys
Cys
Cys
Ile
Tyr
Tyr
Ser
Ala
Arg
Arg
Arg
Cys
Asn
Tyr
Tyr
Tyr
Tyr
Tyr
Tyr
Ala
Cys
Tyr
Tyr
Ala
Cys
Ala
Arg
Asn
Ser
Ser
Asn
Asn
Phe
Phe
Phe
Asn
Asn
Val
Val
Thr
Thr
Thr
Cys
Cys
Thr
Thr
Thr
Cys
Cys
Ala
Ala
Thr
Glu
Cys
Cys

H
CßH3

C°H
CßLH
CßHH
H
C?,6ri
C3.5H
H
CßH3

H
CSHH
NPH
C°H
H
C2.6H
C3.5H
C2.6H
C3.5H
C2.6H
C3.5H
CßH3

OTH
C2.6H
C3.5H
CßH3

C«H
H
H
CßL-H
H
CßOH
CßLH
CßHH
CßLH
CßHH
C2.6H
N5 LH
N 5 H H

CßH
C^H3
CÏH 3

CYH3

CYHo
CßHH
CßLH
CYH3

CYH3

CVH3

CßLH
CßHH

cm
CßH3

CYH3

CrjH
CßLH
CßHH

3.0
4.5
2.3
3.1
4.3
3.4
2.4
3.6
2.7
2.9
2.7
5.1
6 8
4.4
5.0
5.3
5.1
5.7
5.5
3.6
2.8
4.2
2.2
2.5
2.4
2.4
3.5
3.4
3.4
3.1
3.5
4.1
4.3
2.7
2.5
3.3
4.8
5.2
6.5
2.5
3.5
3.1
3.5
3.5
3.8
2.7
3.1
5.1
3.7
3.1
3.9
2.6
4.7
4.2
3.9
3.S
3.1

3.3
4.5
2.3
3.1
3.8
4.0
3.6
4.0
3.0
3.3
3.7
2.9
3.6
4.3
4.1
3.5
4.2
4.6
3.8
3.7
4.2
3.1
2.6
3.5
3.5
3.1
2.7
3.5
2.8
3.0
3.4
3.0
4.0
2.6
2.5
2.5
3.2
3.9
2.9
2.6
3.4
3 1
3.2
4.1
3.0
2.9
2.9
3.4
3.4
3.1
3.1
3.8
5.7
5.4
3.9
3.4
3.4
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3.2
3.9
4 1
3.4
3.5
2 9
3.2
3.1
2 8
2.8
2 9
4.0
3.0
4.6
3 8
3.0
2.9
3.6
2 3
3.5
3.9
3.8
3.5
4.0
3.3
3.8
3.8
3.7
4.3
4.3
4.6
2.9
2.7

40 Cys CPHH 45 Ala CPU 3.0 3 1

a) The resonances of the prochiral centres were consequently '?beled L (low-field) and H (high-field)
Degenerate resonances are labeled 0.

b) Distances found in the structure averaged over five solution structures (MD1 -MD5)
c) IRMA upperbounds generated with the average structure as input

Determination of the solution structure

As already mentioned crambin displays amino acid heterogeneity at positions 22

and 25. As shown here, only two crambin species exist; Pro-22/Leu-25 and

Ser-22/lle-25. However, the crystal structure has been determined assuming that the

Pro/lie form is the dominant component [1]. Since the 2D NMR data for the structure

determination were obtained for Pro/Leu crambin, the X-ray structure of 1.5 A resolution

as obtained from the Brookhaven Protein Data Bank had to be modified at position 25.

After changing the lie side chain in that of Leu, 30 steps of unrestrained energy

minimization were carried out in order to remove unfavourable contacts. As in all MD

and EM calculations we used the GROMOS force field [12]. The total potential energy

13
13
13
13
13
13
14
15
16
16
22
23
24
25
26
26
26
27
27
27
32
32
33
33
33
33
33
33
33
33
33
35
40

Phe
Phe
Phe
Phe
Phe
Phe
Asn
Val
Cys
Cys
Pro
Glu
Ala
Leu
Cys
Cys
Cys
Ala
Ala
Ala
Cys
Cys
lie
lie
lie
lie
lie
lie
lie
lie
lie
lie
Cys

C3.5H
C3.5H
C4H
C4H
C4H
C4H

C°H
C«H
CPLH
cPHH
CP^H
OTH
C°H
C«H
C«H
C«H
C ^
CTH
C«H
CPH 3

C°<H
C°H
H
H
C ^ H
CT^H
CYHo
C 5 H 3

C 5 H 3

C 5 H 3

C 5 H 3

CSH 3

CPI-H

27
27
23
23
23
26
17
18
26
26
25
26
27
28
29
29
29
32
32
33
44
44
44
44
44
44
44
41
44
44
44
40
45
45

Ala
Ala
Glu
Glu
Glu
Cys
Arg
Leu
Cys
Cys
Leu
Cys
Ala
Thr
Tyr
Tyr
Tyr
Cys
Cys
He
Tyr
Tyr
Tyr
Tyr
Tyr
Tyr
Tyr
Pro
Tyr
Tyr
Tyr
Cys
Ala
Ala

H
CPH 3

CP°H
O°H
CPHH
CPLH
H
CPLH
CPLH
H
H
CPH 3

H
CPLH
CPHH
CPL-H
CPHH

C«H
C2.6H
C3.5H
C2.6H
C3.5H
C2.6H
C3.5H
C3.5H
CTr̂ H
C"H
CPHH
C3.5H
C"H
C°H

2.6
3.2
3 3
3.5
4.1
3.8
3.6
3.5
2.8
4.1
2.7
3.3
3.2
4.5
3.8
2.9
2.7
3.5
2.0
3.6
2.9
2.4
3.2
3.5
2 8
3.5
4.1
3.5
5.7
3.4
4.4
3.3
3.0
3.0



changed from -1132 to -1922 kJ-moH; the r.m.s. deviation between the backbone

atoms of the minimized structure and the original one is 0.06 A. In the following this

modified structure will be denoted as "the X-ray structure".

In the IRMA calculations presented here fc was set to 1 ns, Tn to 0.8 s. The

intraresidue NOEs between p2 and p3 protons, corresponding to a fixed distance of 1.8

A, were used throughout this work as calibration peaks. The IRMA calculations

presented here, used the stereospecific assignments of the prochiral centres obtained

from the comparison of the calculated and measured NOE intensities as described

above. The performances of this procedure will be discussed later in this chapter. The

assignment was based upon the last four mixing times (80, 120, 160 and 250 ms),

except for the first cycle where only fm=160 ms was used. In case of conflicting results for

different mixing times no assignment was made. As explained above the corresponding

experimental NOE intensities were then averaged by IRMA. Note that the stereospecific

information was used only in the IRMA calculations. Structure refinements were

performed with the usual pseudo atoms for all prochiral centres.

Cycle 1 . In this cycle distance bounds were calculated with IRMA (Eqs. 1 - 5 )

starting from a fully extended chain. Subsequently 8 structures were calculated with the

Distance Geometry algorithm, derived from the orginal EMBED program [8,9]. After

embedding all structures were subjected to 200 steps of constraint function

minimization, using a conjugate gradient algorithm. This was followed by two times 300

steps of Distance bounds Driven Dynamics (DDD), a Newtonian dynamics simulation

using a chiral constraint function and the distance constraint function of Eq. 6 [10]

(6)

where u and / represent upper and lower bounds, respectively, and d the actual

distance. The force constant Kdc is set to 1 kJ-moH-A-4. The first run was performed at

300 K, the second run at 1 K. By 'shaking up' the molecule the DDD procedure improves

the sampling of allowed configurational space, while keeping the violations at the same

level or even reducing them further. Both minimization and DDD were done in cartesian

space. All information about the covalent structure, i.e. standard bond lengths and bond

angles, is represented by upper and lower bounds between atoms separated by less

than 4 bonds.

Of the 8 resulting structures 7 belong to one class, all pairwise r.m.s. deviations for

the backbone atoms being around 2 A, while one structure is clearly different (Table 5).

By inspection of the remaining constraint energies (Table 6) it is clear that the latter

structure also has the largest violations and therefore may be discarded. The structure
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with the smallest chiral error and one of the lowest constraint errors was chosen as the
starting point for further refinement. Note that this structure is also the one that is closest
to the crystal data.

Table 5
Backbone r.m.s. deviations in A for DDD optimized DG structures (first IRMA cycle)a.

DG1 DG2 DG3 DG4 DG5 DG6 DG7 DG8

X
1
2
3
4
5
6
7
8

_
1.9
2.1
1.9
6.8
1.6
1.5
2.0
2.0

1.9
-

1.9
1.6
7.1
1.2
1.1
1.3
1.5

2.1
1.9
-

2.1
6.4
1.8
1.8
2.1
2.0

1.9
1.6
2.1
-
6.9
1.5
1.2
1.3
1.8

6.8
7.1
6.4
6.9
-

7.2
7.1
7.0
6.8

1.6
1.2
1.8
1.5
7.2
-
1.0
1.5
1.7

1.5
1.1
1.8
1.2
7.1
1.0
-

1.2
1.5

2.0
1.3
2.1
1.3
7.0
1.5
1.2
-
1.6

2.0
1.5
2.0
1.8
6.8
1.7
1.5
1.6

a) DG structures are numbered from 1 to 8, X denotes the X-ray structure. Molecules were fitted and r.m.s.
value? were calculated on backbone C, N, C a atoms.

Table 6
DG error function values after DDD optimization (first IRMA cycle), cf. Eq. 6a.

Structure

1
2
3
4
5
6
7
8

Constraint error

81
196
126
636

73
88

131
166

Chiral error

22
36
33

173
20
12
20
24

a) DG structures are numbered from 1 to 8, cf. Table 4.

The next step consisted of restrained Energy Minimization (EM) and Molecular
Dynamics (MD) simulations. Both were carried out using the GROMOS package and
force field [12]. Since no solvent was included all net charges of side chains were
reduced to zero. A cut-off of 8 A was used, and the pair list was updated every 10 steps.
EM was performed with a steepest descent algorithm. MD calculations were performed
with the leapfrog algorithm, a 2 fs time step and with coupling to a heat bath using a time
constant of 10 fs; SHAKE was used to conserve bond lengths. The constraint function
was of the form
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m

while a linearly continued form was employed in the regions d,j > uit + 1 and
d^hj-l [37,38].

The best DG structure (labeled B) was energy minimized over 100 steps, using Kdc

= 10 kJ-moH-A-2. Subsequently 20 ps of MD at 300 K were performed, increasing K6c

after each 5 ps by 10 kJ-moM-A-2 until a maximum value of 40 kJ-moM-A-2. The final
structure was minimized over 300 steps, again using Kdc = 40 kJ-moH-A-2, giving the
structure labeled B'. A similar sequence of simulations, but running for 25 instead of 20
ps, was started from the X-ray structure (labeled X), giving the structure labeled X'.
Potential energies and backbone r.m.s values are summarized in Tables 7 and 8. The
distance restraint energy has dropped to a level of approximately 200 kJ-moH, which is
less than the sum of the residual bond and bond angle- energies. The backbone
positions of the two structures have converged from 1.5 A to 1.1 A after refinement. Both
B' and X' are at 0.9 A from the X-ray structure.

Table 7
Total potential energies, distance restraint energies and total bound violations after MD

and EM optimization (first IRMA cycle)a .

Structure Potential energy*3 Distance restraint energy0 Total violation
kJ-mor1 kJ-moT1 A.

B
B'
X
X'

+8478
-1956
-1922
-2048

147
209
569
229

20.7
23.5
36.6
24.4

. a) Xis the X-ray structure, 8 the best DG structure (numbered 6 in Tables 4 and 5). The'
indicates structures after optimization (see text).

* • b) Excluding distance restraint energy
« c) Kr

dc
 1 A 2

Cycle 2. Subsequently B' was used as the starting point for a second IRMA cycle
including stereospecific assignment. Using the new constraints an extensive MD
refinement starting from B' was carried out. First 25 ps were performed at 600 K. We
used this elevated temperature in order to increase the rate of transitions between
accessible minima in the potential energy surface, and thus improve the sampling and
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Table 8
Backbone r.m.s. deviations in A after MD and EM optimization (first IRMA cycle)a.

x X' B B'

X
X'
B
B'

_

0.9
1.5
0.9

0.9
-
1.6
1.1

1.5
1.6
-
1.4

0.9
1.1
1.4
-

a) Molecules were fitted and r.m.s. values were calculated on backbone C, N, C a atoms. Af is the X-ray
structure, Sthe best DG structure (numbered 6 in Tables 4 and 5). The ' indicates structures after
optimization (see text).

the convergence to the optimal structure family. We took five structures from the
trajectory, one after each 5 ps, and simulated each of these for another 35 ps at 300 K.
Of these parallel MD runs the last 20 ps were used for analysis, although plots of energy
subaverages hardly showed a transient at the beginning of these runs. Five average
structures were calculated from the 20 ps trajectories, and these were energy minimized
for 300 steps. In all simulations of this second cycle the distance constraint force
constant Kdc was set to 40 kJ-moH-A-2. It was noted that in the last two structures
Pro-19 has adopted a cis conformation. In spite of this, the potential energies and
distance restraint energies of the five structures are remarkably similar, see Table 9. The
backbones are close to each other (r.m.s. deviations smaller than 0.6 A) and to the X-ray
structure, see Table 10. In fact the structures converged with respect to the group of
configurations obtained at 600 K: the r.m.s. deviations between the latter five structures
are around 1 A.

Table 9
Total potential energies, distance restraint energies and total bound violations after MD
and EM optimization (second IRMA cycle)a.

Structure

1
2
3
4
5

average 1,2,3

Potential energy0

kJ-mor1

-2104
-2079
-2072
-2120
-2150
-2069

Distance restraint energy0

kJ-moT1

199
200
204
207
205
208

Total violation
A

22.8
23.2
23.5
24.0
23.0
23.7

Me . a) Data were obtained for minimized average structures from last 20 ps of 5 different runs (see text).

f b) Excluding distance restraint energy.
c )K d c = 40kJ-mor-1-A-2.
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Table 10
Backbone r.m.s. deviations in A after MD and EM optimization (second IRMA cycle)a.

X B' MD1 MD2 MD3 MD4 MD5

X
B'
1
2
3
4
5

_
0.9
0.8
0.9
0.9
0.8
0.9

0.9
-

0.7
0.7
0.7
0.9
0.9

0.8
0.7

0.3
0.3
0.6
0.6

0.9
0.7
0.3
-

0.2
0.6
0.6

0.9
0.7
0.3
0.2
-

0.6
0.6

0.8
0.9
0.6
0.6
0.6
-
0.3

0.9
0.9
0.6
0.6
0.6
0.3
-

a) Molecules were fitted and r.m.s. values were calculated on backbone C, N, C a atoms. Data were
obtained for minimized average structures from last 20 ps of 5 different runs (see text). X denotes
the X-ray structure. B' is the starting structure for the second cycle (cf. Tables 6 and 7).

We therefore conclude that the present constraint set in combination with the
GROMOS force field corresponds to one well defined minimum, which as far as the
protein backbone is concerned is close to the crystal structure. New DG calculations
using the new constraint set, are currently under way to further investigate this result. We
also plan to perform simulations with relaxed distance constraints in order to investigate
the effect of experimental uncertainties on the distribution of structures. One of the
resulting structures is shown in Fig. 12. As expected from the r.m.s. differences, the
solution and X-ray structures are very similar. The secondary structure elements are at
the same positions and their relative orientation relative to each other is the same. The
structures differ slightly in the loop region which connects the two helices. Also the
carboxy terminal region has a slightly different conformation.

Finally, the five MD structures (MD1-MD5) were averaged. The resulting structure
was used as input for a third relaxation matrix calculation. The resulting IRMA upper
bounds, together with the distances found in the average structure, are listed in Table 4.
Since the restrained MD calculations were done using pseudo atoms corrections for
methyl groups and prochiral centres, the distances in the average structure involving
these protons can be longer than the IRMA upperbounds which were generated using
the stereospecific assignments. However, in most cases the difference is not more than
the pseudo atom correction. Whenever proton-proton distance could be used without
pseudo atom corrections, the distances of the average structure and the IRMA upper
bounds agree very well. Small additional differences of 0.2-0.3 A which are sometimes
found will not lead to a large violation energy in the restrained MD calculations.
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Figure 12. Stereoview of the solution structure of crambin (solid line). For comparison
the X-ray structure is shown in broken line. Two different views (A and B) are shown.
The solution structure is the one labeled MD3, which was obtained by averaging over
the last 20 ps of the restrained MD calculation at 300 K (see also text).

Stereospecific assignments

Using J-coupling information. For the Pro/Leu species stereospecific ,_
assignments of the CP protons of residues with AMX spin systems and the methyl groups .;

A
of the valines have been made using information from J-coupling constants and \
distances calculated from NOE build-up data [30,31]. <•

The stereospecific assignment of the prolyl CP protons was straightforward
because the Ca proton is always closer to the p3 than to the p2 proton. The data of Table ;
11 show that all relevant distances except one could be determined from the NOE
build-up data. Comparison of the one distance found for Pro-5 with those derived for the f
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other prolines, clearly showed that it must correspond to the long distance and therefore
the stereospecific assignment could still be made. For crambin there is a correlation
between the stereospecificity and the chemical shift: the p2 is always the high-field one.

Table 11
Stereospecific assignment of the p methylene protons of the praline residues8.

Residue

Pro-5
Pro-19
Pro-22
Pro-36
Pro-41

dap(A)
PL

—
2.5
2.3
2.5
2.4

pH

2.8
2.8
2.5
2.8
2.7

shift (ppm)

P2

1.65
2.09
2.00
2.01
2.22

p3

2.03
2.29
2.66
2.31
2.46

a) The superscripts L and H refer to the low-field and high-field p proton resonances, respectively. The
NOE distances in this table were calculated from the initial buiid-up rate using a two spin approach.

Figure 13. Three energetically favourable
rotamers about the C<*-CP bond of an AMX ^

For the CP protons of residues with an AMX symmetry, the procedure is simplified if
the assumption is made that only the three staggered conformations (tg, gt and gg)
occur with substantial probability (Fig. 13). The X-ray structures of many proteins show
that this is a reasonable assumption, since the average r.m.s. difference from staggered
positions is 18° and only -20% of the X\ values are found to deviate more than 20 ° from
the staggered rotamer positions [39]. The coupling constants, measured in a
high-resolution COSY spectrum, are used to determine the preferred rotamer. If both
a-p couplings are small (-5 Hz) it must be a gg-rotamer. If one coupling constant is
small and the other large (-10 Hz), the side chain can have either a tg or gt
conformation and distance information from NOE measurements is essential to
distinguish them. These NOE data are also needed to make the stereospecific
assignments. In the case of a gg rotamer the distances between the Ca proton and both
CP protons are similar. However, the distance between the amide proton and the p3

proton is expected to be shorter than that between the amide and p2 proton. Thus, these
distances help to derive the stereospecific assignments. In crambin only the side chain
of Asp-43 has a gg conformation (Table 12) and the stereospecific assignment of the CP
protons could be made. Since both distances to the Ca proton are approximately the
same, this would indicate that the side chain of Asp-43 side chain has a nearly 100% gg
conformation.
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Table 12
Stereospecific assignment of the p protons of AMX spin systems8.

Residue

Cys-3
Cys-4C
Ser-6d

Ser-11c

Asn-12
Phe-13
Asn-14
Cys-16
Cys-26
Tyr-29
Cys-32
Cys-40
Asp-43
Tyr-44
Asn-46

J-coupling (Hz)

5

I
—
11
5

12
11
<5
5

11
<5
5

<5
5

L apH

10

I
—

<5
12
<5

5
11
10
<5
11
5
9

11

dP
PL

3.2

I
_
2.5
2.8
2.5
2.6
3.9
3.2
2.8
3.0
2.9
3.7
_4b

W(A)

PH

2.8

I
—
3.1
2.7
3.3
2.8
2.8
2.5
3.8
2.5
3.4
2.8
2.9

dap (A)

PL

2.6

I
—
2.8
—
2.4
2.5
2.5
2.5
2.9
2.6
2.7
2.6
2.8

PH

3.0

I
—
2.9
2.3
2.4
2.3
3.0
2.7
2.5
3.1
2.6
3.0
3.0

Rotamer

tg

I
_
tg
gt?
tg
gt
tg
tg
tg
tg
gg
tg
tg

Shift (ppm)

P2

2.42

I
_

3-23
—

3.34
3.31
2.65
3.12
2.79
2.68
2.92
2.52
2.07

P3

2.79

I
—2.74
—

2.82
3.54
2.92
3.30
2.42
3.44
3.10
3.04
2.63

a) The superscripts L and H refer to the low-field and high-field (i proton resonances, respectively. The
NOE distances in this table were calculated from the initial build-up rate using a two spin approach.

b) The build-up curve could not be fitted. This NOE appears only for mixing times longer than 120 ms,
comparable to Tyr-44 and Cys-26, therefore the distance must be -4 A.

c) Residues with degenerate cP protons.
d) No J-coupling information available.

In a tg rotamer the distance between the amide and p2 proton is shorter than that to
the p3 proton. For the corresponding two distances involving the Ca proton the opposite
applies. For crambin most of the AMX residues have a tg conformation and in these
cases the stereospecific assignments could be made. The data of Table 12 show that in
all cases the distances between the CP protons and the amide proton can be used.
However, the distances involving the Ca proton are not always unambiguous, i.e. for
Asn-12 and Asn-14, and to a lesser extent for Tyr-29 and Asn-46. The most likely
explanation is that these four residues do not have a pure tg conformation but rather
resume a 'tg-like' conformation in which the p2 proton tends to eclipse the amide proton
and the p3 eclipses the backbone carbonyl (i.e. Fig. 13).

In the case of a gt rotamer the distances between the CP and Ca protons are
different while those involving the amide proton are approximately the same. In crambin
the side chain of Cys-16 is found to have a gt conformation. This is possibly also the
case for Phe-13 but due to resonance overlap one of the distances of the Ca proton is
missing, so that a definite conclusion cannot be made.

Also for one of the two valine residues the stereospecific assignment was made
following Zuiderweg et al. [31]. For Val-15 the situation is clear as the large coupling
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(-10 Hz) indicates that this residue must lie in g+ conformation; the same applies to
Val-8 (Table 13). Unfortunately, the stereospecific assignment could not be made for
Val-8 because the NOEs between the amide proton and both methyl groups overlap
with those between the amide of Leu-18 and its 8 methyl groups. The data for both
valines are consistent with previous observations [40] that vaiine residues seem to have
a preference for the g+ rotamer, irrespective of the secondary structure.

Table 13
Stereospecific assignment of the methylgroups of the vaiine a.

Residue

Val-8
val-15

Jap (Hz)

10
10

dN,CH3

CH3L

3.4

(A)

CH3H

4.4

da,CH3

CH3L

3.3
3.2

(A)
CH3H

2.7
2.9

shift (ppm)

1.05 1.22

a) The superscripts L and H refer to the low-field and high-field 7 methyl resonance, respectively. The
NOE distances in this table were calculated from the initial build-up rate using a two spin approach.

Using model structures. As outlined above, comparing experimental NOEs
with theoretical values can be used to make stereospecific assignments. In order to test
the procedure, the energy minimised X-ray structure was used. The results are shown in
Table 14, which shows the assignments obtained for a series of mixing times and two
different values of the correlation time fc. In all cases the assignments are consistent for
different values of tm and tc. Moreover they are consistent with all available assignments
based on measured J-couplings and NOE distances. We conclude that the assignment
procedure yields the same answer irrespective of fm and fc. In crambin there are 50
chiral centres. For 14 of them the stereospecific assignment cannot be obtained
because their proton resonances are degenerate or because there are no reliable
build-up data available. Of the 36 assignments that with the present data can be made
from predicted NOE values (Table 14), about one half can be found in practice. In the
other cases the data are statistically insufficient to give an unambiguous result.

The stereospecific assignment procedure was also applied to the final MD
structures (MD1-MD3). Except for lle-35, whenever the assignment could be made in
both the X-ray and the MD structures they are consistent. For the CY protons of lle-35 the
assignment changed. Unfortunately there are no experimental data to check this.
Furthermore, the procedure yields assignments for the CP and C7 protons of Arg-17, the
C« protons of Gly-20 and Gly-30, the CY protons of lle-33, and the C« protons of Pro-41
which were not available from the experimental data. Note that stereospecific
assignments in the MD structures were made using tc = 1 ns. Therefore, it is reasonable
to assume that more asignments can be obtained using a more appropriate tc value.
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Nevertheless, combining all results, 26 out of the 39 stereospecific assignments are

made. In the DG and MD calculations presently carried out these data are included.

Recent studies [41,42] showed that the stereospecific assignments are very useful for

further refinement of protein structures.

Table 14

Stereospecific assignments based on NOE intensities predicted for the X-ray structure

and three MD structures.

X-ray structure8 Exper. MD structures'*
residue atom f ^ i ^=2 1 2 3

Cys-3 HB - _ _ _
Pro-5 H B - - - - _ _ _
Pro-5 HD
Ser-6 HB + + +
lle-7 HG1 - -
Val-8 HG1
Arg-10 HG + + +
Arg-10 HD - - -
Asn-12 H B + + + + + + + +
Phe-13 HB
Asn-14 HB + + + + +
Val-15 HG1 -
Cys-16 HB
Arg-17 HB - - - -
Arg-17 HG - -
Arg-17 HD + + + + +
Pro-19 HB - - -
Pro-19 HD
Gly-20 H A + + + + + + + +
Pro-22 HB
Pro-22 HD
Cys-26 HB
Tyr-29 HB - -
Gly-31 H A + + + + + + + + +
Cys-32 HB + + + + + + +
lle-33 HG1 - - -
lle-34 HG1
lle-35 HG1 - - + + +
Pro-36 HB -
Pro-36 HD
Cys-40 HB - _ _ _
Pro-41 HB
Pro-41 H D + + + + + + + +
Asp-43 HB - -
Tyr-44 HB -
Asn-46 H B - - - - - -

a) Columns from left to right: tm = 120,160,250 ms for both ^ = 1 ns and ̂  = 2 ns. Initially, the resonances
of the prochiral centres were labeled conseauently as low-field and high-field. The label + means that
P M 2 . the label - means that p M 3 -

b) Stereospecific assignments were made for tm = 80,120,160,250 ms. Only if the results obtained for all
four mixing time are not conflicting they are included in the table.
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DISCUSSION OF THE SOLUTION STRUCTURE

As already mentioned, the solution structure is very similar to the X-ray structure.
The backbone r.m.s deviations show that all five MD structures (Table 10) are within
0.6 A. If the last two structures with the cis-proline in position 19 are not taken into
account the r.m.s. deviation is only 0.3 A. Comparison with the X-ray structure shows
that there is a small but distinct difference of 0.8-0.9 A. The r.m.s. differences of the Ca

atoms (Fig. 14) show that the helical regions, residues 7-18 and 23-30, are well defined.
The same is true for most residues, except Thr-1, in the p sheet, i.e. residues 1-4 and
32-35. The most significant variations are found at Pro-19. The reason for this is the
cis-trans transition which occurred somewhere between 15 and 20 ps during the
restrained MD calculation at 600 K. This transition is possible because NOEs between
the Ca proton of Leu-18 and the C5 protons of Pro-19 could not be identified in the
spectra used to generate the constraint list. In the build-up series the Ca proton of
Leu-18 overlaps with water. However, in some spectra of the Ser/lle species these
NOEs could be identified indicating that Pro-19 has the normal trans conformation. If the
two structures with the cis-proline in position 19 are not included (Fig. 14), the r.m.s.
differences are still relatively large in the loop region. Also the carboxy-terminal residues
are rather ill-defined in the solution structure.

aa

0.5-

0.0
20 30

Residue number

40

Figure 14. R.m.s. difference of the Ca atoms in the restrained MD calculations at 300 K.
The closed circles are the differences in all five MD structures. The open circles are for
the first three structures before the trans-cis transition of Pro-19 occurred.
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If the r.m.s. difference are calculated over all atoms the five MD structures are within
1.3 A, indicating that also the conformation of most side chains must be rather well
constrained. There is a small difference of 1.5-1.6 A with the X-ray structure.

Since for several side chains the stereospecific assignments from J-couplings are
available the rotameric state of these side chains is known. The data listed in Table 15
show that, except for Tyr-29, the Xi dihedrals obtained from the experimental
stereospecific assignments agree well with the X-ray structure. The coupling constants
of Tyr-29 (Table 12) show that the xi angle is well defined in solution. The difference in
Xi dihedral of Tyr-29 between the X-ray and solution structures could be due to the fact
that in the X-ray structure which has been determined for the crambin mixture, a disorder
at this residue was observed.

Table 15
The side chain dihedrals of those residues for which experimental data are available,
compared with thosee in the X-ray and the three MD structures.

residue

Cys-3
Asn-12
Phe-13
Asn-14
Val-15
Cys-16
Cys-26
Tyr-29
Cys-32
Cys-40
Asp-43
Tyr-44
Asn-46

X-ray

-53
-69

-174
-70
-65
179
-69

-172
-59
-69

+62
-71
-59

X1

Experiment

-60
-60

-180
-60
-60
180
-60
-60
-60
-60

+60
-60
-60

MD1

-62
-66

-180
-65
-56
172
-66
-60
-59
-67
-62
-78

+49

MD2

-61
-100
178
-63
-56
172
-65
172
-59
-66
-62
-78
-62

MD3

-58
-67

-179
-65
-56
173
-64

-130
-58
-68
-64
-80
-56

a) Experimental values based on pure rotameric states as shown in Tables 12 and 13.

However, in the MD structures the Xi dihedrals of Tyr-29 exhibit a large variation.
The reasons for this are that the stereospecific assignments were not introduced in
these calculations and only three nonsequential NOEs are used, i.e to Cys-26 (Table 3).
Therefore, the side chain of Tyr-29 is not strongly constrained to a particular rotameric
state. The same reasons can also explain the wrong rotamer found in the NMR
structures for Asp-43. Tne two small a-p coupling constants show that this residue must
have a gg rotameric state (Table 12). In the calculations the conformation is not
constrained and therefore, the side chain adopts a tg conformation which is usually
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energetically more favourable. Note, that the comparison of the experimental and model

based NOEs accidentally give the same stereospecific assignment for this residue

(Table 14).

We conclude that the theoretical approach for stereospecific assignment presented

here can provide the correct assignment for many prochiral centres. Therefore, if no

J-couplings are available this method is a good alternative. However, if coupling

constants are available they should still be used.

Finally the observed doubling of the amide proton resonances of Ser-6 in the

Ser/lle species will be adressed. In the HOHAHA spectra, the amide of Ser-6 has only

one strong cross-peak with its C a proton, while for Ser-61 this contact is weak and there

are additional remote connectivities to both CP protons. This shows that the J-couplings

are different and that two backbone conformations are present. Also, the sequential

NOEs to Pro-5 are slightly different. The data suggest that the conformation of Ser-6

corresponds to that in the X-ray structure. In this structure Ser-6 is just before the first

helix (7-18) and the backbone conformation is such that the orientation of its amide

proton is opposite to that of the amides of the helical residues, accounting for the strong

NOE between the amides of Ser-6 and Ala-9 which has been observed (Fig. 11).

Moreover, in the X-ray structure there is no intramolecular hydrogen bond possible

accounting for the fact that the amide of Ser-6 exchanges fast. In the Ser-6'

conformation the NOE between its amide and that of Ala-9 is much weaker. This

indicates that the amide of 6' is not pointing towards but rather is pointing away from

Ala-9. Then, the side chain carbonyl of Asn-46 seems to be a likely candidate to form a

hydrogen bond explaining why the amide of Ser-6' exchanges slowly. If the carboxy

terminus of Asn-46 would provide the hydrogen bond acceptor group one would expect

that more proton resonances are likely to appear doubled because the negative charge

can hava a quite strong effect on chemical shifts.

The doubling has not been observed in the spectra of Pro/Leu crambin where the

amide resunance corresponds to that of the Ser-6' amide (the 'non X-ray' conformation).

The strong NOEs between the C5 protons of Pro-5 and the C a proton of Cys-4 show that

Pro-5 still has a trans conformation. For proline residues with a cis conformation these

contacts would be very weak. In the X-ray structure Pro-5 also has a trans peptide bond

and therefore, cis-trans isomerisation of Pro-5 can be excluded as an explanation for the

doubling of the amide resonance of Ser-6 observed in the Ser/lle species.

Since the amino acid heterogeneities at positions 22 and 25 are at the opposite

side of the molecule, it is unlikely that this can account for the different behaviour of the

two crambin species.

The solution structures of Pro/Leu presented here are very close to the X-ray

structure. Also they cannot account for exchange of the amide proton of Ser-6 which is

slow. As found in the X-ray structure, two hydrogen bonds between Cys-4 and Asn-46,
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involving their amide protons, are possible. In solution the amide protons of these two
latter residues exchange rapidly [3]. The solution structure of Pro/Leu crambin was
generated using NOEs belonging to the Ser-61 conformation (the 'non X-ray'
conformation). It is possible that only minor changes in the conformation of both Ser-6
and the carboxy terminal residues are required resulting in a structure that could explain
the exchange behaviour of the amide protons of Cys-4, Ser-61, and Asn-46. Note that
the r.m.s differences are relatively large for the carboxy-terminal region. Moreover, the
present constraint set cannot account for all experimentally available data, i.e. the
rotameric state of Asp-43. Therefore, it cannot be excluded that the NOEs which could
lead to the solution structure are already present in the constraint set used in the
calculations. Maybe it is necessary to include J-coupling information for the backbone
at Ser-6 (oc-N coupling) as well.

The amide protons of residues 30 and 34 exchange slowly while in the crystal
structure no hydrogen bonds are possible. In the MD structures the exchange of the
amide Thr-30 might be explained by a hydrogen bond with the backbone carbonyl of
Cys-26. For lle-34 however, no hydrogen bonds are possible. Therefore, the previous
explanation [3] that this amide exchanges slowly due to aggregation effect still stands.
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Chapter 4

1H NMR study of a complex between lac repressor
headpiece and a 22 base pair symmetric lac operator.
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ABSTRACT

A complex between /aorepressor headpiece and a fully symmetric tight-binding 22
bp /ac-operator was studied by 2D NMR. Several 2D NOE spectra were recorded for the
complex in both H2O and 2H2O. Many NOE cross-peaks between headpiece and DNA
could be identified and changes in chemical shift of the DNA protons upon complex
formation were analyzed. Comparison of these data with those obtained for a complex
between headpiece and a 14 bp half-operator studied previously [Boelens R, Scheek,
R. M., Lamerichs, R. M. J. N., de Vlieg, J., van Boom, J. H., & Kaptein, R. (1987), in
DNA-ligand interactions (Guschlbauer, W., & Saenger, W., Eds.) pp. 191-215, Plenum,
New York.], shows that two headpieces form a specific complex with the 22 bp lac
operator in which each headpiece binds in the same way as found for the 14 bp
complex. The orientation of the recognition helix in the major groove of DNA in these
complexes is opposite with respect to the dyad axis to that found for other repressors.

INTRODUCTION

The expression of the lactose genes in Escherichia coli is regulated by the lac
repressor which interacts with a specific 20-25 base-pair DNA sequence, the lac
operator. When lac repressor binds to the operator, transcription of the lac genes is
blocked. Induction occurs when small molecules such as allolactose or isopropyl
1-thio-p-D-galactoside (IPTG) bind to the repressor which then looses affinity for the
operator. The lac repressor-operator system is biochemically and genetically very
extensively characterized [1-5]. It appears that the DNA binding properties of the
repressor reside in the N-terminal domain (lac headpiece) and the inducer binding site
in the tetrameric core. Methylation protection studies have shown that lac headpiece
interacts with the lac operator in a way very similar to that of the intact repressor [1].

At present the structures of CAP, X repressor ("cl"), cm, and trp repressor have
been determined by X-ray crystallography [6-9]. Recently, crystal structures of
repressor-operator complexes were reported for 434 repressor and cm [10, 11], trp
repressor [12] and X-c\ repressor (Pabo, C. O. personal communication). All these
repressors have a common helix-turn-helix structural motif which is involved in the
recognition of the specific base sequence of the operator [13]. For lac repressor no X-ray
structure is available, but the three dimensional structure of the headpiece consisting of
the first 51 N-terminal residues (HP51) has been determined by NMR [14]. It was shown
that, lac headpiece also has a helix-turn-helix motif, in agreement with predictions based
on sequence homology with other repressors [15].

From an "MR study of the complex of HP56 with a 14 bp half operator a low
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resolution structure of this complex was obtained [16-18]. The most prominent feature of
this structure is that the orientation of the recognition helix in the major groove with
respect to the dyad axis is reversed compared to that of all other repressor-operator
complexes, either seen in the crystal structures [10-12; Pabo C. O., personal
communication] or inferred from the structure of the dimeric repressors [15,19].

It is known that repressors also bind, although weaker, in a non-specific way to
DNA. It has been proposed that this way of binding may play an important role in the
process of finding the operator sequence by the repressor [20]. NMR studies have
shown that isolated headpieces also form non-specific complexes with DNA [21]. In the
presence of the 14 bp operator it was concluded that headpiece forms a specific
complex, but that non-specific binding occurred as well [22]. The kinetic parameters are
such that a fast exchange equilibrium between specific and non-specific complexes
results.

The wild-type lac operator has two headpiece binding sites and is nearly
symmetric. However, a fully symmetric DNA fragment has been found which binds lac
repressor 8 times more tightly than the wild-type [23, 24]. In this ideal operator the
central GC base pair is missing, resulting in a perfect palindromic DNA fragment with the
left half of the wild-type operator symmetrized.

Here we report an NMR study on the 2:1 complex of HP56 with a 22 bp fully
symmetric tight-binding lac operator ( see Fig. 1). It will be shown that the orientation of
the recognition helix in this complex is the same as found previously for the 14 bp half
operator.

• 1 1 5 10 15 20

TGGAATTGTGAGCGGATAACAATTTCA
A C C T T A A C A C T C G C C T A T T G T T A A A G T

14- BP FRAGMENT

G A A T T G T Q A G C . G C T C A C A A T T C
C T T A A C A C T C G C G A G T G T T A A G

11- BP FRAGMENT

18-BP OPERATOR

2Z-BP OPERATOR

Figure 1. Base sequence of the luc operator. On top is the sequence of the wild-type
operator. Below is that of a tight-binding fully symmetric lac operator. Indicated are the
various operator fragments discussed in the present study.
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MATERIALS AND METHODS

The 18 bp and 22 bp DNA fragments were synthesized as described by van Boom
et al. [25] and Kupferschmitt et al. [26]. Lac repressor was isolated from the E. coli strain
BMH 74-12 as described previously [24]. The lac repressor solution in 1M TRIS-HCI, pH
= 8.0, 30% glycerol was digested for 4 hrs at room temperature with 3% (w/w)
chymotrypsin A4 [27]. The chymotrypsin was obtained from Boehringer. The HP56 was
purified by gel filtration on a Sephadex G50 column (Pharmacia) followed by a
phosphocellulose column (Whatman). Headpiece and DNA were mixed in a 2:1 ratio
and the sample was concentrated and dialysed on a small-volume Amicon
high-pressure cell with YM2 filters (cutoff MW<1000). The final sample, with a
concentration of approximately 4 mM ,was in 0.2 M KCI, 0.01 M phophate, pH = 6.0.

The NMR spectra were recorded at 500 MHz on a Bruker AM500 interfaced with an
Aspect 3000 computer. The data were processed on a microVAX II with the '2D NMR'
software library written in FORTRAN 77. The two-dimensional (2D) NOE spectra in 2H2O
were recorded with a 32-step phase cycle [28]. The carrier was placed on the HDO
signal. The time proportional phase increment (TPPI) method [29] was used for the t-,
amplitude modulation; 300 free induction decays (FIDs) of 2K data points, 64 scans
each, were recorded. The t1 value was incremented from 50 \is to 30 ms. The HDO
signal was suppressed by irradiation during the relaxation delay (1.5s) and during the
mixing time. Three spectra with mixing times of 100, 150, and 200 ms were recorded
and added in the time domain to improve the signal-to-noise ratio. The time domain data
were weighted with a sine-bell shifted by rc/6 over the first 1K data points in the t2

dimension and over all 300 data points in the t, dimension. The data were processed to
give a phase-sensitive spectrum of 1K X 1K data points, having a digital resolution of
4.88 Hz/point. Baseline corrections were performed in both the a^ and 0)2 domain [30].

For the spectra taken in H2O the sample was 'yophilized and redissolved in 95%
H2O/5% 2H2O. The 2D NOE spectrum was recorded using the pulse sequence
90o-tr90o-tm-45o-t-45o-t2(acq.) with a 200 ms mixing time (tm). For detection a 45°-t-45c

selective pulse was used, which excites the water protons only weakly. To remove
unwanted xy magnetisation a short field-gradient pulse was given before the selective
pulse. The phase cycling was the same as in the 2H2O spectra. The carrier was placed
between the resonances of the imino protons of the DNA and the H2 proton of His 29
and the imino protons were allowed to fold back; 400 FIDs of 64 scans were recorded,
the \-\ value was incremented from 20 |is to 32 ms. The same processing parameters
were used as for the 2D NOE spectra taken in 2H2O. Again the spectrum was baseline
corrected in both frequency domains [30].
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RESULTS

Figure 2 shows the 2D NOE spectrum, recorded in 2H2O, of the complex of HP56
with the symmetric 22 bp operator in a stoichiometry of 2:1. Also indicated in this Figure
are the regions in which the various resonances of both the headpiece and the DNA
occur. There are a few windows in the spectrum were there is no overlap between the
headpiece and the DNA resonances. These regions have proven to be very useful as
starting points for assignments of the resonances.

1.0-

3.0-
CL

5.0-

7.0-

9.0-

9.0 7.0
i r

5.0 3.0
U2 PPM

1.0

Figure 2. 'H 2D NOE spectrum of the complex between HP56 and the symmetric 22 bp
operator. 500 MHz spectra were recorded of a 4 mM solution of the complex in 0.2 M
KCI, 0.01 M phosphate, in 2H2O, p*H = 6.0, 27 °C. The spectrum shown is the sum of
three different 2D NOE spectra recorded with mixing times of respectively 100, 150, and
200 ms. The digital resolution is 4.88 Hz/point



A part of the spectrum is shown in more detail in Figure 3. This region contains one

of the windows in which only intra-DNA NOEs occur, which were used for the

assignment of DNA resonances. The assignments of the H6/H8, H11 and the cytosine

H5 protons of the DNA were made in very similar way to those of the free operator [31];

they are indicated in Figure 3. It should be noted that the H6-H1' cross-peak of T3 and

the sequential cross-peak between the H6 proton of T3 and the H11 proton of A2 are

missing. Previously it had been assumed that these resonances did not shift but still

overlapped with those of T2, as in the spectra of the free operator [31]. However, in the

spectra of the complex of HP56 with the 11 bp operator these cross-peaks, although

very weak, were present and provided the correct assignment of the T3 resonances [18].

From comparison with these spectra it was concluded that some cross-peaks of T3 are

missing owing to substantial broadening. The correct assignment of the H6 and H11

Y7(3 ,5 ) -
Y17(3,5+2,6)-

Q1018)-

H29I21-

Y17(3.5*2,6) Y7I3.5) A2(V) G10(V) C9(5) A2(3') A21V) A2(5'l

-7.0

• H 2 9 -

A2 A2
I

A2 A2
I 1

U2
PPM

-8.0

7.0
1

6.0
U1

I

PPM

i
5.0

I
4.0

Figure 3. Expanded region from co2 = 7.3 - 8.8 ppm and ot1 = 3.8 - 7.3 ppm of the

spectrum of Figure 2. The sequential assignment of the H6/H8, HV and cytosine H5

protons of the symmetric 22 bp operator in the complex with HP56 is indicated by the

lines connecting the NOE cross-peaks. Several NOEs between the operator and the

headpiece are also shown.
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protons of T3 in the spectrum of the HP56-22 bp complex was possible via its
(broadened) methyl resonances (Fig. 4). Both the H8 and H1' protons of A2 have a
cross-peak with the methyl protons of T3, as indicated in Figure 4. The resonance
position of the HV proton of T3 can be found via the intra-residue NOE between the
methyl protons and the H11 proton, while the H6 proton of T3 has an intra-residue NOE
with the methyl group and a sequential NOE with the methyl protons of T4. At present all
H6/H8, H11 and cytosine H5 resonances, all the methyl resonances of the thymines and
most of the H?' and H2" sugar protons and some H3' protons could be identified in the
spectra of the HP56-22 bp complex.

The assignment of headpiece resonances in the complex with the 14 bp operator
was previously done via titrations with operator DNA [22], making use of the fast
exchange equilibrium between free and bound headpiece. For a number of
non-overlapping resonances of the 22 bp complex the assignment was obtained easily
in this way since again a fast exchange equilibrium was observed. These included the
aromatic ring protons of His 29, Tyr 7, 12, 17 and 47, the aliphatic Ca and CP protons of
Thr 5 and the methyl protons of Leu 6, Val 9 and Leu 45. Since several of these
residues (Tyr 47, Leu 6, Val 9 and Leu 45) are buried in the headpiece structure and
have characteristic shifts that change only very little upon complex formation, it is
reasonable to assume that the headpiece structure basically remains unchanged when

H2912)
I

C9(6)-]rU(6)
A218) G10IB) A2I2IT8I6) §-H29l« T3I6I

I I I I I I
T31V)

I

L6IAI-

T3tm)

Thr5(j-1-
TMm)

8.0 7.0
0 2 PPM

Figure 4. Expanded region from co2 = 5.8 - 8.8 ppm and a)] =0.3 - 1.8 ppm of the
spectrum of Figure 2. Assignments of the H6, HV and methyl protons of residue 13 of
the 22 bp operator in the complex with HP56 are indicated. The resonances of T3 could
be identified using the sequential cross-peaks between the methyl protons of 13 and the
methyl protons of T4 and the H6 proton of A2, respectively. Again, several protein-DNA
NOEs are indicated.
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operator is bound. Based on this assumption a large number of aliphatic proton
resonance could be assigned using pattern recognition type arguments as explained
previously [17]. Since the chemical shifts of the headpiece protons and their NOE
cross-peak patterns in the 14 bp complexes and in the present complex were very
similar, the assignments of these protons were taken from Boelens et al. [16].

Table 1
NOEs observed between headpiece 56 and the 11,14 and 22 basepair operators

Protein DNA 11 bp 14bp 22bp

i

unambiguous a

Tyr7
Tyr7
Tyr7
Tyr7
Tyr7
Tyr7
Leu 6
Thr5
Tyr17
Tyr17
Tyr17
His 29
His 29
His 29

H3.5
H2.6
H3.5
H3.5
H3.5
H3.5
C^H3

CPH
H3.5 + H2,6
H3,5 + H2,6
H3,5 + H2.6
H2
H2
H2

probable a

Thr5
Thr5
Leu 6
Leu 6
Leu 6
Leu 6
Tyr17
Ser21
Ser2i
Ser21
His 29
His 29
His 29
His 29
His 29
His 29
His 29

CH3
CTH3
C^H3

C^H3

C5H3

C«H3

H3.5 + H2,6
C°H
CPHI
CPH2
H2
H2
H2
H2
H4
H4
H2

-G10
-G10
-G10
-G10
-C9
-C9
-C9
-G10
-C9
-C9
-T8
-A2
-T3
-A2

-G10
-G10
-C9
-C9
-C9
-T8
-T8
-T8
-T8
-T8
-A2
-A2
-A2
-A2
-T3
-T4
-T4

H8
H8
HV
H31

H5
H6
H5
H31

H5
H6
H6
H8
CH3

H1'

H8
H31

H5
H6
H31

H6
CH3

CH3

CH3

CH3

H31

H4'
H5'b)
H5"b)
CH3

CHg
CH3

a The unambiguous NOEs were assigned at unique resonance frequencies, while
the probable NOEs were from resonances wich could overlap with resonances
of other protons (see text for further discussion).

b H5' and H5" protons were only parr-wise assigned.
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Once these assignments were established, NOEs between the headpiece and the
DNA could be identified. Some of the protein-DNA NOEs are indicated in Figures 3 and
4. For example, if one extends the horizontal line at 7.85 ppm (of the H8 proton of G10)
to low field, a cross-peak is found at 6.51 ppm which can only belong to the 3,5 protons
of Tyr 7 (Fig. 3). In a similar way the NOEs of the methyl protons of both T3 and T4 with
the C2 proton of His 29 were identified (Fig. 4).

A complete list of the protein-DNA NOEs found so far in the HP56-22 bp operator
complex is given in Table 1. In addition, the NOEs observed in the complexes with the
11 bp and 14 bp operator fragments [16, 18] are listed. These data will be discussed in
more detail below.

For the complexes of HP56 with the 11 bp, 14 bp, and 22 bp the 1H chemical shifts
of DNA protons both in the free operator and in the complex were measured. The
changes in chemical shift upon binding of the headpiece for the H6/H8 protons are
shown in Figure 5A, and for the H11 protons in Figure 5B. The Figure shows that the
patterns of chemical shift changes for the three operator fragments are very similar. For
the H6/H8 protons the large shift difference of T3 (varying from 0.21 to 0.35 ppm for the
different complexes) is characteristic. For G5, A8, C9, and C7 similar shift differences are
found in all three complexes. For the HV protons the most pronounced shifts are always
found at G7 and to a lesser extent at its neighbours. Together with the protein-DNA
NOEs from Table 1, this similarity in chemical shift changes is an indication that always
the same specific binding mode occurs in the various complexes. We have also looked
at complexes of HP51 with various operator fragments. For complexes of HP51 with the
22 bp operator and also with a symmetric 18 bp operator, which lacks the base pairs
GC-1 and AT1, the same characteristic changes in chemical shift were found. However
the changes are less pronounced than in the complexes formed with HP56. In the
HP51-18 bp complex the resonances of T3 were hardly broadened and its H6 proton
was only shifted 0.10 ppm upfield with respect to the free 18 bp operator. This value is
0.21 ppm in the HP56-22 bp complex and 0.12 ppm for the HP51-22 bp complex. Only a
few protein-DNA NOEs could be identified, but these are also present in the spectra of
HP56 with the various operators. For the HP51-22 bp complex the NOEs of Tyr 7-H3.5
with G10 H8, C9 H5, G10 HVand C9 H6, and between the aromatic protons of Tyr 17
and C9 H6 could be observed and for the complex with the 18 bp operator only the first
two of these NOEs involving Tyr 7-H3.5. Apparently, specific binding is weaker in these
cases. However, both the changes of the chemical shifts and the protein-DNA NOEs
show that the type of complex between HP51 and the symmetric 22 bp and 18 bp
operators is the same as for HP56 and the 22 bp operator and the 11 and 14 bp half
operators.
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Figure 5. Changes in proton chemical shifts of the 11 bp and 14 bp half-operators and
the symmetric 22 bp operator induced by binding of HP56. (A) Chemical shift differences
for the H6/H8 protons and (B) for the H1' protons. The bars represent the shift differences
between the proton resonances in the complex and those of the free operator. The
distance between two lines corresponds to 0.4 ppm.

For the free 22 bp operator and for its complex with HP56, NMR spectra were also
recorded in H2O in order to examine the exchangeable protons. A part of the 2D NOE
spectrum of the HP56-22 bp complex in H2O is shown in Figure 6. As indicated in this
Figure each imino proton (except the terminal GC-1) shows an NOE to its neighboring
one. This shows that the DNA structure is not drastically disrupted upon complex
formation. The assignments '' the imino protons in the free 22 bp operator were
obtained from 1D difference NOE spectra and from 2D NOE spectra in H2O (data not
shown). The imino protons of GC-1 (and of the symmetrically related GC 21) are missing
due to fraying effects at the ends of the DNA fragment. In a series of 1D experiments the
imino proton chemical shifts of the 22 bp operator were followed during a titration with
HP56. The results are shown in Figure 7. The chemical shift curves show a typical fast
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exchange behavior with the largest shifts occuring for the AT imino protons of base pairs

3, 6, and 8. Ambiguities in the assignments in the crossing regions of the curves could

be resolved with aid of the assignments in the complex (Fig. 6).

1 3824 6

14.0-

(02 PPM

Figure 6. Assignment of the imino protons of the symmetric 22 bp operator fragment in a

complex with HP56. Shown is the imino proton region co2 = coi = 11.9- 14.1 ppm taken

from a 2D NOE spectrum recorded for the complex in H2O. The imino protons are

indicated by the numbers at the top of the Figure. The assignment is shown by the lines

that interconnect cross-peaks.

Figure 7. Titration shifts of the imino

protons of the symmetric 22 bp

operator. 500 MHz 1H NMR spectra

were taken at several protein/DNA

ratios. The titration was done in 0.2 M

KCI, pH = 7.0 The concentration of

the DNA was 1.6 mM.

2 -

Q

2 1 -
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DISCUSSION

With a molecular weight of approximately 26000 D, the complex of two HP56
fragments with the symmetric 22 bp operator is among the largest systems studied in
detail by NMR. Of course, the analysis was greatly facilitated by the two-fold symmetry
which is preserved in this complex and the fact that the spectra of the constituents had
been analysed previously in great detail [16-18].

The changes in chemical shifts measured for the imino protons of the 22 bp
operate upon titration with HP56 (cf. Fig. 7) closely resemble the previously determined
titration curves for the binding of HP51 to the 14 bp half operator [22]. We note that in
this previous work uncertainties existed as to the assignments in the complex. With the
present results these data can now be reinterpreted. It appears that also in the case of
the HP51-14 bp complex the imino protons of base pairs 3, 6, and 8 display the largest
shifts and those of 1 and 2 shift only very little. From an analysis of the binding curves at
various concentrations it was concluded [22] that in addition to the formation of a specific
complex also non-specific binding must occur. A similar binding curve was observed for
the HP56-22 bp complex shown in Figure 7 except for the levelling off at a protein to
DNA ratio of 2:1 in the present case, rather than 1:1 for the 14 bp complex. This
indicates that the NMR measurements presented here pertain to a complex with 2:1
stoichiometry. Again, non-specific complexes are also present in fast exchange with the
specific one. However, since all protein-DNA NOEs, which have been identified so far,
can be accounted for in one structural model for the headpiece-operator complex, we
conclude that the lifetime of the non-specific complexes is probably too short to give
build-up of NOE intensity.

Concerning the protein-DNA NOEs listed in Table 1 a few remarks have to be
made. First, a distinction is made between NOEs that are unambiguous because they
involve protons with unique resonance positions and those that are probable. The latter
occur in crowded regions were overlap of resonances may occur. They were assigned
on the basis of a pattern recognition procedure, which involves the following reasoning.
Suppose a cross-section of a DNA proton shows NOEs to a set of other protons of the

- same base pair. Then, if a cross-section of a headpiece proton shows cross-peaks at the
5 same frequencies and at least one of them can be uniquely assigned to a DNA proton,
s we consider the assignment of the other cross-peaks in the set also very likely. For

example, the C2 proton of His 29 shows a cross-peak to the A2 H1' proton and a further
set of cross-peaks in the DNA ribose region (Fig. 3). At the corresponding frequencies

\ cross-peak intensity is also found at the horizontal line of the A2 H8 proton resonance.
Hence, the His 29-DNA cross-peaks are also assigned to the H31, H4', H51 and H5"

» protons of A2. Since they occur in a crowded region they are listed as probable in Table
F 1, while the cross-peak between His 29 H2 and A2 H1' is uniquely assigned.
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Secondly, a slightly different set of NOEs has been observed for the three
HP56-operator complexes. Differences are mostly due to overlap situations. For
instance, the H4 proton of His 29 resonates at a unique frequency in the spectra of the
11 bp and 14 bp complexes, but overlaps with the H6 proton of T4 in the 22 bp complex
(cf. Fig. 4). Therefore, the cross-peak of His 29 H4 with the methyl group of T4, which
was observed clearly in the 11 and 14 bp cases, could not be unambiguously identified
in the 22 bp spectrum and was not included in Table 1. However, the NOE of the T4
methyl group to the H2 proton of His 29 could be identified in the spectra of all three
complexes. Therefore, we believe that these differences in the NOEs listed in Table 1 do
not reflect structural differences between the various complexes.

Finally, the protein-DNA NOEs were measured in spectra recorded with rather long
mixing times. This was done in order to optimize the intensity of the NOEs and to
facilitate the resonance assignments. Therefore, there can be a considerable
contribution of spin diffusion to the cross-peak intensities. For instance, the weak
protein-DNA NOEs concerning Leu 6 and C 9 are probably due to spin diffusion via Tyr
7. We estimate that for strong NOEs the distance between the protons will be less than 4
A while for the weak ones the distances can be up to 6 A.

In the experiments carried out with HP51 we found that the chemical shift changes
induced in the 22 bp operator1H resonances (data not shown) were qualitatively very
similar to those of HP56 ( Figures 5A and 5B) but smaller. Also, fewer protein-DNA NOE
cross-peaks were found. The NOEs that were observed, however, were also seen in the
complex with HP56 (Table 1). We conclude therefore, that HP51 forms a weaker specific
complex than HP56 and that the peptide segment 52-56 must contribute to specific
operator binding. This is in agreement with genetic studies [4, 5], which showed that
replacement of Ala 53 and Gin 54 by other amino acid residues results in I" mutants that
loose operator binding capacity. Since we have found no medium or long range
intra-protein NOEs beyond Pro 49 we cannot specify the conformation of the C-terminal
50-56 peptide and, therefore, the molecular basis of the contribution to operator binding
of this region remains unknown.

As far as the DNA is concerned the present data show that it stays basically in a
B-DNA type conformation. This can be concluded from the following observations. First,
the network of interconnecting NOE cross-peaks from which the assignments of the
H6/H8 and H1' protons was obtained (Fig. 3) is very similar for free and protein bound
DNA. The same is also true for the imino proton NOEs (Fig. 6). Finally, the fact that all
imino protons (except the terminal ones) are observable in the spectrum indicates that
the double helical structure is intact because base pair opened conformations would
have led to increased exchange with H2O and broadening or loss of resonance
intensity.

It is tempting to interpret the chemical shift changes of the various DNA protons that
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occur on protein binding, although this cannot be done unambiguously as in the case of
NOEs. In general it can be said that chemical shift of the imino protons, because of their
internal position in the DNA, are more likely to reflect structural changes in the DNA,
while the shifts of H6/H8, methyl and sugar protons may also be affected by the
presence of protein side chains. Therefore, minor changes in the structure, such as
bending and/or unwinding, could possibly explain the shifts of the imino protons upon
complex formation. For the non-exchangeable DNA protons the chemical shift changes
may have similar (structural) origins, but can also be induced by the presence of amino
acid residues side-chains. For instance, the large chemical shift of the H6 proton of T3
could be explained by the presence of the aromatic ring of His 29. Similarly, the shifts of
A8 and C9 could be due to the aromatic rings of Tyr 7 and Tyr 17 which are close to this
region of the operator. The proximity of charged groups can also cause chemical shift
changes. For the HP56-14 bp complex a contact of Arg 22 with GC5 was predicted, a
possible explanation for the shift of the H8 proton of G5. We note that the H6 proton of
T3 and also its methyl group show substantial broadening in the complex. This is due to
the fact that these protons, which display the largest shift changes are not in the fast
exchange limit anymore.

The model for the lac headpiece-operator complex discussed before [16-18] could
account for all NOEs identified between HP56 and the 14 bp operator. The more
extensive list of NOEs of Table 1 can be explained by the same model. Figure 8 shows a
model for the complex of the 22 bp operator with two headpieces obtained by
symmstrization about the dyad axis of the operator. As mentioned in the introduction the
orientation of the recognition helix (helix II) with respect to the dyad axis is opposite to

Figure 8. Model of the complex between
two lac-repressor headpieces and the
symmetric 22 bp operator based on the
NMR data. The structure of HP51,
obtained from restrained molecular
dynamics (Kaptein et al., 1985), was
docked on the 14 bp half operator [18],
using distance constraints derived from
inter protein-DNA NOEs (cf. Table 1). The
structure was obtained from the 14 bp
complex by deleting the first two base
pairs and symmetrizing about the
two-fold axis.
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that in the models for the cro -OR3 complex [32] and also to that proposed for lac
represser based on the analogy with cro [15] and CAP [19]. It is also opposite to the
orientation found in the crystals for the complex of the 434-repressor and its operator
[10-12; Pabo C. O., personal communication].

In this paper we showed that the complex of two HP56 molecules and an ideal 22
bp lac operator is fully symmetric and that the specific binding is the same as in the
complexes of one headpiece with the 14 and 11bp half operators. Because of the large
molecular weight of the intact repressor a detailed study by NMR of complexes even
with short lac operator fragments is impossible. The intact lac repressor is believed to
bind to the operator with two headpieces in such way that an approximate 2-fold
symmetry axis is present [33]. An important question then is whether the whole lac
repressor binds to the operator with its headpieces in the same orientation as we have
found for isolated headpieces. Recently, genetic experiment carried out in the group of
B. Muller-Hill have provided evidence that this is actually the case. Lehming et al. [34]
constructed a lac repressor mutant with the first two amino acids of the recognition helix
replaced by those of gal repressor (Tyr 17 -> Val, Gin 18 -»Ala). This mutant repressor
had high affinity for the gal operator, which differs from the lac operator at positions 7
and 9. Although this gives already some clue as to the orientation of the recognition
helix, a more definitive result was their finding of a repressor mutant with Arg 22
replaced by Asn, which now had specificity for a lac operator with GC5 replaced by TA (
Muller-Hill, private communication) This provides support for the Arg 22- GC5 contact in
the native system, that we predicted on the basis of the NMR results [16,18]. It also fixes
unambiguously the orientation of the recognition helix as opposite to that of cro and X
repressers. It appears, therefore, that there are two classes of helix-turn-helix proteins,
which can be generically designated as lac and cro. From homology arguments and
also based on the genetic experiments by Lehming et al. [34] it appears that at least gal
and deo repressors belong to the lac class. The repressors with know crystal structures,
X cl, cro, tip, 434 (and the related P 22) and also CAP fall in the cm class.
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Chapter 5

Assignment of the proton NMR spectrum of a lac
repressor headpiece-operator complex in H2O and
identification of NOEs: consequences for the model

of protein-DNA interaction.
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ABSTRACT

A complex between the amino terminal residues 1-56 of lac repressor (HP56) and
a 11 base pair lac operator fragment was studied by 1H NMR. The sequence specific
assignment of the exchangeable and non-exchangeable protons has been
accomplished. Because several protons have favourable chemical shifts in the complex
new intraprotein NOEs could be identified. By comparison, most of these NOEs are also
present in the spectra of the free headpiece. However, some intraprotein NOEs are
different in the complex and the unbound protein. A structure of the bound headpiece
has been generated by restrained molecular dynamics using all NOEs identified in the
complex spectra. In the loop region between helices II and III this new structure differs
significantly from the structures published before [Kaptein R., Zuiderweg, E. R. P.,
Scheek, R. M., Boelens, R. and van Gunsteren, W. F. (1985), J. Mol. Biol. 182, 179-182].
Furthermore, the side chains of Arg-22 and His-29 are now constrained by NOEs and
have well defined conformations. Several new protein-DNA contacts could be identified.
The implications for the DNA binding are discussed.

INTRODUCTION

The lac operon is a textbook example for the regulation of gene expression. The
regulatory protein in this system is the lac repressor. Through binding to a specific
region of 20-25 base pairs of the E. Coll genome it blocks the transcription of the lac
genes. When small molecules such as allolactose or isopropyl 1 -thio-p-D-galactoside
(IPTG) bind to the repressor, it looses affinity for the operator and the genes are
expressed. The lac system is biochemically and genetically well characterized [1-5]. The
DNA binding properties of the repressor reside in the N-terminal domain consisting
approximately of residues 1-60. This so-called headpiece can be cleaved off
proteolytically, resulting in fragments of 51, 56 or 59 amino acids [6,7]. Headpiece gives
the same pattern of phosphorylation interference [8] and it protects the same purines of
the operator against methylating agents as the intact repressor does [2]. Therefore, the
interactions with DNA of the intact repressor and of its headpiece are supposed to be
similar.

The structure of several DNA binding proteins, CAP, cl repressor and cm of
bacteriophage X and Up repressor have been determined by X-ray crystallography
[9-12]. All these proteins share a common structural element, the helix-turn-helix motif
[13,14]. X-ray studies of the complexes of 434 repressor and cro, X repressor and trp

I repressor with their respective operators [15-19] show that this helix-turn-helix
}• substructure is the main DNA binding domain. However, there are some differences in
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the mode of interaction. For the trp repressor complex [19] only a few (nonspecific) direct
hydrogen bonds between protein and DNA have been found. Most of the specific
interactions are water mediated. In contrast, the other complexes show many direct
contacts between protein and DNA, such as hydrogen bonds and hydrophobic
interactions.

Neither for lac repressor nor for its headpiece structural information from X-ray
crystallography is available. However, a structure of the lac headpiece, consisting of the
51 N-terminal residues (HP51), has been determined from NMR data [20]. The structure
shows that HP51 contains a helix-turn-helix motif. Further studies showed that this
structural element is also involved in the DNA binding [21-25]. The difference with the
other complexes is that the orientation in the major groove of the second helix of the
motif, the recognition helix, is reversed. Recent genetic data show that the entire lac
repressor binds to the DNA with the same helix orientation as the isolated headpiece
does [26,27]. In order to establish more precisely the nature of the interaction between
lac headpiece and its operator a detailed analysis of the NMR data is necessary. A
prerequisite for such an analysis is that the majority of the proton resonances are
assigned.

As shown before, lac repressor headpiece 1-56 (HP56) forms the same specific
complex with a 22 bp symmetric operator as it does with the half-operators of 11 and 14
bp, respectively [24]. Since the complex with the 11 bp operator has the lowest
molecular weight (13 kDa) this system was chosen for a more complete and detailed
analysis. For the free headpiece most resonances of both the exchangeable and
non-exchangeable protons have been assigned [28,29]. Titration studies with a 14 bp
half operator, performed in D2O, had already provided the assignment of the aromatic
resonances of tyrosines 7, 12, 17 and 47, His-29 and the methyl protons of Leu-6 in the
complex [30]. The patterns of NOEs between the aromatic C2,6 and C3,5 protons of
Tyr-47 and the methyl protons of Leu-6, Val-9 and Leu-45 remains essentially the same
upon complex formation [21]. Since these residues are located in the core of the
molecule it is reasonable to assume that the tertiary structures of the free headpiece and
that bound to the operator are virtually the same. Based on this hypothesis more
assignments of non-exchangeable proton resonances were made by comparing the
D2O spectra of the HP56-14 bp complex with those of the free protein [21-24].

In this paper the assignment of the resonances of nearly all protons, including the
exchangeable ones, of the headpiece in the complex are obtained from the analysis of
2D NMR spectra taken in H2O. Due to favourable changes in chemical shift several
proton resonances could be assigned unambiguously in the complex, which overlap in
the unbound protein. Based on the assignments a structure for the headpiece in the
complex is presented. In addition, more NOEs between the protein and the DNA could
be assigned. These NOEs have interesting implications for the mode of DNA binding.
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MATERIALS AND METHODS

The complementary undecameric strands d(AATTGTGAGCG) and
d(CGCTCACAATT) were synthesized using a phosphotriester method described
elsewhere [31,32]. Lac repressor was isolated from E. Coll strain BMH 74-12 as
described previously [30]. The lac repressor solution in 1 M Tris-HCI, pH 8.0, 30 %
glycerol, was digested for 4 h at room temperature with 3 % (w/w) chymotrypsin A4 [7],
obtained from Boehringer. lac repressor headpiece 1-56 (HP56) was purified by
gelfiltration on a Sephadex G50 column (Pharmacia) followed by a phosphocellulose
column (Whatmann).

Headpiece and DNA were mixed in a 1:1 ratio. The sample was then concentrated
and dialyzed on a small-volume Amicon high-pressure cell with an YM2 filter (cutoff Mr<
1000). The final sample was: 4 mM complex in 0.01 M phosphate, 0.2 M KCI. The 2H2O
samples were at pH 6.0, the H2O at pH 5.0.

The NMR spectra were recorded at 500 MHz on a Bruker AM500 and at 600 MHz
on a Bruker AM600. Both spectrometers are interfaced with an Aspect 3000 computer.
All data were processed on a MicroVAX II with the "2D NMR" software library written in
FORTRAN 77. The two-dimensional (2D) spectra in 2H2O, used for the analysis of the NOE
build-up rates, were recorded at 500 MHz. A 32-step phase cycle was used [33]. The
time proportional phase increment (TPPI) method [34] was used to create amplitude
modulation in t^ Four spectra with mixing times of 50, 100, 150 and 200 ms were
recorded. Each spectrum consisted of 512 free induction decays (FID's) of 2K data
points, 32 scans each. The ti value was incremented from 45 |is to 46.08 ms. The HDO
signal was suppressed by irradiation during the relaxation delay (2s) and during the
mixing time. The time domain data were weighted with a sine-bell shifted by it/6 in the t2

dimension and with a sine-bell shifted by rc/8 in the t1 dimension. The data were
processed to give a phase-sensitive spectrum of 1K x 1K data points, having a digital
resolution of 5.43 Hz/point. Baseline corrections were performed in both the co-, and co2

domains [35]. All four spectra were processed in exactly the same way.
For the spectra taken in H2O the sample contained 5% 2H2O for the lock-signal.

These spectra were recorded at 600 MHz. Two spectra with 125 and 250 ms mixing time
were recorded and added before processing. The 2D NOE spectra were recorded using
the pulse sequence 90o-tr90o-tm-45o-t-45°-t2 (acq.) The 45°-t-45° detection pulse
excites the water protons only weakly [36]. To remove unwanted xy magnetisation, a
short field gradient pulse was given before the selective pulse. The phase cycling was
the same as for the 2H2O spectra. The carrier was placed to the left of the most
downfield amide resonance. For both spectra 512 FID's, 64 scans each were recorded
and the ^ was incremented from 20 us to 20.48 ms. The added time domain data were
weighted with a sine bell shifted by JI/8 in t2 the domain and by it/10 in the t-| domain.
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The final spectrum had a digital resolution of 6.10 Hz/point in the co2 domain and 12.21
Hz/point in the ct̂  domain and was baseline corrected in both directions.

Figure 1. Expanded region from m^ =
5.51-9.67ppm and co1 = 0.08-9.67 ppm
of a 1H 2D NOE spectrum of the
complex between HP56 and the 11 bp
half-operator in 1H2O recorded at 600
MHz. Indicated are the regions where
the protons of protein and the DNA
resonate. This part of the spectrum
contains the amide proton resonances
of the headpiece which are essential
for the sequential assignment. The
spectrum is the sum of2D NOE spectra
recorded with mixing times of 125 and
250 ms, respectively. o x 90 70(J2(PPM)

RESULTS AND DISCUSSION

Assignment of the proton resonances of lac headpiece in the complex
with the 11 bp operator.

Part of the 2D NOE spectrum recorded in H2O is shown in Fig. 1. The spectrum
contains a few small regions were only protons resonate which belong either to
headpiece or to DNA. These windows are similar to those of the D2O spectra [21-24].
For instance, the H11 and H5 protons of the DNA are found in one of these regions.
Therefore, the sequential assignment of the duplex

d(AATTGTGAGCG)«d(CGCTCACAATT)

was possible using the NOEs between these protons and the H6/H8 protons as reported
before for the 14 bp and 22 bp operators [21-24] and these assignments (data not
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shown) served as the basis for a nearly complete assignment of the proton resonances

of the DNA.
For the headpiece there are only a few small regions where there is no overlap

with the DNA resonances. These are from 8.05 to 9.50 ppm, where a few amide protons
are found, some Ca and CP protons from 2.96 to 3.68 ppm and the methyl protons which
resonate below 1.12 ppm. Very often there is overlap with the DNA, in particular most
sequential cross-peaks between the amide and Ca protons occur in the region where
also NOEs of the DNA are found, i.e. between the H6/H8 protons and the H41, H5' and
H5", respectively. Nevertheless, most proton resonances of the headpiece could still be
assigned.

As starting points for the sequential assignment of the headpiece protons the
aromatic resonances, as found from the titration studies, were used [30] and furthermore
a few amide protons that are extremely shifted in both free headpiece and complex. The
assignment itself was done using the well known strategies for sequential proton
resonance assignment [37]. Most spin systems were verified from
homonuclear-Hartmann-Hahn (HOHAHA) spectra. It is a well known fact that with
increasing size of the system under investigation the quality of HOHAHA and COSY
spectra decreases. In the case of the HP56-11 bp complex the molecular weight is such
that only the HOHAHA spectra could be used. Furthermore, a complete analysis of all
spin systems turned out to be impossible. The connectivities which could be identified
unambiguously are listed in Table 1. Only 16 spin systems could be identified
completely, for many only few connectivities were found. For those residues for which no
HOHAHA cross-peaks are identified, the sequential assignment was nevertheless
possible in the 2D-NOE spectra.

Table 1
Spin system connectivities assigned in the HOHAHA spectra of the HP56-11 bp
complex. Remote connectivities are also shown.

Met-1
Lys-2
Pro-3
Val-4
Thr-5 a

Leu-6
Tyr-7a

Asp-8
Val-9
Ala-10
Glu-11
Tyr-12

NH

c°u CPH2
C«H
C«H

C«H2

C<*H

CPH, CTH3

CPH'

CPH3

others

CPH->CTH3

CPH->CTH3

C1W-^C5H3

C2,6H->C3,5H

C2,6H->C3,5H
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Table 1, continued.

Ala-I3a

Gly-14a

Val-15
Ser-16
Tyr-17
Gln-18
Thr-19 a

Val-20
Ser-21 a

Arg-22
Val-23
Val-24
Asn-25 a

Gln-26
Ala-27 a
Ser-28
His-29
Val-30
Ser-31
Ala-32
Lys-33
Thr-34 a

Arg-35
Glu-36
Lys-37
Val-38 a

Glu-39
Ala-40 a

Ala-41 a

Met-42
Ala-43
Glu-44
Leu-45
Asn-46
Tyr-47 a
lle-48
Pro-49
Asn-50 a

Arg-51
Val-52a

Ala-53 a

C°U cßH3
CaH2

C«H,C
C"H
C°<H
C H 2

b

CaH,
C°H
CH2

b

CßH2

CaH
CH2

b

C«H, CTH3

CßH3

CßH3

CßH3

CaH,

CßH3

H, CßH3

C°H CßH2

C u - b

COH, CßH, CTH3

C°H.CßH3

CßH,

CTW3

CßH
CßH2

CßH
CßH

CßH3

CßH2

CßH3

C7H3

CßH

CßH3

CßH3

CTH3

CßH2

C2,6H->C3,5H

CßH^Cß'H
S , ,CH2

b

C2H^C4H

2—»un2

C°H->C1H3
EU .(-S

3 .
2.CH2b

CEH2-*CH2
b

ßH-»C7H

C2,6H^C3,5H
CTH-^CTH3 CVH^CÏH3

NeH2->C6H2, CH2
b

a) Spin system completely characterized.
b) No specific assignment of the -CH2 groups was possible.

First, the sequential assignment of the protein segment from Pro-3 to Tyr-17 will be
discussed. The assignment of this stretch was started at the most low-field (9.43 ppm)
amide proton (Fig. 2). From comparison with the spectra of the free headpiece this
amide was identified as belonging most likely to Thr-5. Also here the amide proton of
Thr-5 resonates at the most low-field position in the spectrum and identical cross-peak
patterns are present in both the complex and the free headpiece. Furthermore, the
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Figure 2. Expanded region from co2 = 7.40-9.56 ppm and co1 = 2.81-5.21 ppm of the
same spectrum as in Figure 1. The sequential assignment of the protein segment from
Pro-3 to Tyr-17 is shown, using the Ca-amide proton connectivities. The resonance
positions of the aromatic residues are indicated. For more details see text.

strong cross-peak between the amide and Ca proton of Val-4 and the step from Val-4 to
Pro-3 confirm that the most low-field amide resonance is that of Thr-5. Also the amide
proton of Leu-6 could easily be found, although the sequential cross-peak is weak (Fig.
2). The resonance position of the amide proton of Tyr-7 is found via the aromatic
resonances of this residue and the sequential amide- Ca proton cross-peak to Leu-6 in
the following way. The exact position of the C« proton of Tyr-7 is found using the cross
peaks between the Ca proton and the aromatic C2,6 and C3.5 protons, as indicated in
Fig. 2. Both the Ca lines of Tyr-7 and Leu-6 are now searched for possible d a N

connectivities at the common amide frequency of Tyr-7. The sequential NOE to Asp-8
could then be identified and the sequential path up to Glu-11 can easily be followed.
Because of overlap both the intraresidue cross-peak between the amide and C« protons
of Tyr-12 and the sequential one to Glu-11 cannot be assigned. However, the Ca and CP
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protons of Tyr-12 can again be found on the aromatic lines (Fig. 2) and the sequential

steps from the amide proton of Ala-13, the position of which was initially based on a

comparison with the free headpiece gave the correct assignment of these two residues.

Continuing at Ala-13, first Gly-14 ( with two equivalent C a proton resonances) and then

Val-15 are found easily (Fig. 2). A number of these sequential d a N connectivities were

confirmed by the corresponding d N N connectivities as well.

The resonance frequency of the amide of Ser-16 is found via the sequential

cross-peak to the C a proton of Val-15 and from the amide-amide connectivities to both

Val-15 and Tyr-17 (Fig. 3). Since the intraresidual cross-peaks of the amide proton of

Figure 3. Expanded region from co2 =

9.10-9.59 ppm and co1 = 6.92-9.22 ppm

ofa1H2D NOE spectrum of the complex

in 1H2O. The time domain data were

weighted with a sine bell window shifted

by K/3, instead of n/8 used for most other

spectra. The amide-amide connectivities

for the peptide segments 15-17 and

27-33 are indicated.

90-

90 U2(PPM)

Ser-16 seem to be missing these protons were assigned as follows. The amide proton

of Tyr-17 has two additional cross-peaks which are not intraresidual, but instead seem

to go to the C<* proton and one of the CP protons of Ser-16. In some spectra, processed

with a different window (sine bell shifted by 7t/3), also a very weak cross-peak is present

most probably to the other CP proton. Further evidence for this assignment came from a

comparison of 2D NOE spectra recorded at increasing salt concentrations, i.e 0.35, 0.69

and 1.2 M KCI, respectively. Increasing the salt concentration weakens the binding of

the headpiece to the DNA. As a result of this the proton resonances shift back to the

frequency in the unbound protein. At 1.2 M KCI most protons have the same chemical

shift as in the free headpiece. The only exception is Gln-18, the amide proton of which is

already shitted 0.13 ppm upfield at high salt. However, under these conditions the

protons of Ser-16 can be assigned in the same way as in the free headpiece and the

intraresidual cross-peaks remain present at 0.35 M KCI. The changes in chemical shift
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Figure 4. The chemical shift of the
C<* and & protons of Ser-16 in
the HP56-11 bp complex as a
function of concentration of KCI.
The curves were used to assign
these protons in the complex at
low salt (0.2 M KCI). For more
details see text.

Ser-16

01
| W | PPM

02

of Ca and CP protons as a function of the salt concentration are shown in Fig. 4. The
chemical shift values at 0.2 M KCI are measured for the sequential cross-peaks of the
amide of Tyr-17. As can be seen in Fig 4, these values fit very well on the curves and
thus confirm the resonance positions of the Ca and CP protons of Ser-16 in the
complex at 0.2 M KCI. The reason why some resonances in the complex at low salt are
missing or very weak is that the assumption of fast exchange is not valid anymore for
large changes in chemical shift upon complex formation. Rather, these resonances are
in intermediate exchange. If then both the amide and the side chain protons shift
strongly the cross peaks between them will be too broad to be observable. In the
particular case outlined above the amide proton of Tyr-17 does not shift so much and
therefore, the sequential cross-peaks to Ser-16 are still present.

Similarly, for the correct assignment of most residues of the recognition helix
(17-25) and the loop region (26-33) many protons had to be followed in the salt titration.
The spectra measured at three different concentrations are shown in Fig. 5. In Fig. 5C
(1.2 M KCI) the assignment of residues 19-27 is shown. The NOEs involving these
residues are the same as in the free headpiece, albeit that some cannot be assigned
unambiguously due to overlap with DNA resonances, for instance the CP protons of
Asn-25. At 0.35 M KCI (Fig. 5B) several amide protons have already shifted significantly,
i.e. the amides of Thr-19, Val-24 and Ala-27, and most of the sequential crass-peaks
have disappeared. Furthermore, the intensities of the sequential contacts which are still
present have changed slightly. At low salt (Fig. 5A) the cross-peak between the amide of
Val-20 and the methyl group of Thr-19 is quite strong and also the NOEs between the
amide of Ala-27 and the side chain protons of Gln-26 are clearly more intense than at
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high salt. The remaining part of the loop region could be assigned from amide-amide

connectivities (Fig.3). Continuing at Ala-27 the sequential steps up to Thr-34, the first

residue of helix III, can be made easily.

26 B
2S|

I I I I I I

26 ^ 24
27 21. 2125| 22 23 19 20 27 21 21 12522 2319 20 27 2i|2

I 1 I I I I I I II
21|2625 192223 20

IN I

10-

20-0 a e ' 6
1 • ! I |

22 23 1209
3 21-

75 85 „ 80
CJ2IPPMI

75

Figure 5. Expanded regions from co2 = 7.45-8.62 ppm and co1 = 0.64-2.36 and 3.09-4.43

ppm of three different 1H 2D NOE spectra of the complex in 1H2O. The spectra were

recorded at various salt concentrations: A at 0.2 M KCI, B at 0.35 M KCI and C at 1.2 M

KCI. The assignments of the amide protons of residues 19-25 of the recognition helix

and 26-27 of the loop are indicated.
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Most proton resonances of residues belonging to helix III are only slightly shifted in
the complex. The reason for this is that helix III is not involved in DNA-binding. Because
many C« protons of this part of the protein overlap either with other Ca protons or with
the H4', H51 and H5" protons of the DNA, the sequential assignment via CaH-amide
connectivities was impossible. Instead, the assignment of this peptide segment could be
made using the amide-amide pathway (Fig. 6), which is very similar to that in the free
headpiece. The assignment of the protons of Tyr-47 was made via the aromatic
resonances of this residue in the same way as for the other tyrosines. Asn-46 and lle-48
were then found easily (not shown).

In the free HP56 sequential assignment was only possible up to Arg-51.
Subtraction of the 1D spectra of HP56 and HP51 showed that the protons of the
remaining C-terminal residues resonate at random coil frequencies. From this it was
concluded that the mobility of the C-terminal residues of unbound HP56 is such that they
give no NOE build-up in the 2D spectra. However, in the complex the overall tumbiiny
rate is lower and NOE cross-peaks are detectable for the protons of a few of these
C-terminal residues, i.e. Val-52 and Ala-53. Again the protons of these residues
resonate at random coil frequencies (Table 2). Furthermore, if the salt concentration is
raised the NOE cross-peaks disappear again. These observations together with the fact
that the resonances belonging to Val-52 and Ala-53 have the smallest linewidth,
suggest that also in the complex the C-terminal residues of the headpiece are more
mobile than the rest of the protein. The amide proton of Lys-2 and the Ca proton of
Met-1 could be assigned because they resonate at the same frequency as in the free
headpiece (data not shown).

Figure 6. Expanded region
from 0)2=0)1 = 7.58-9.10 ppm
of the same spectrum as in
Figure 1. Indicated are the
amide-amide connectivities
which were used to assign
helix III of the headpiece in
the complex.

80-

85-

90-

85 , ._ 80
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The assignments which are made for the headpiece in the complex at low salt are

listed in Table 2. Although all protons of Gln-18 were assigned in the free headpiece, in

the complex at low salt only its side chain amides could be assigned. At 1.2 M KCI the

backbone amide of Gln-18 could be assigned via its sequential NOEs with Tyr-17 and

Thr-19 At this salt concentration the amide proton is already shifted 0.13 ppm upfield.

For the HP56-14 bp complex some protein-DNA NOEs remain visible even at high salt.

The same has also been seen for complexes with other operator fragments. Therefore, it

seems that already at high salt lac headpiece binds (weakly) to the DNA and that Gln-18

is involved. This can cause the change of chemical shift of the amide proton of Gln-18.

Lowering the salt concentration will make the shift even larger and the resonances of

Gln-18 could become so broad that they are not detectable anymore.

Note that Table 2 contains a number of proton resonances which had not been

assigned before in the free headpiece. In the complex some proton resonances are

shifted to such positions that an unambiguous assignment is possible, while in the free

headpeace this is not the case. These are the NE and C5 protons of arginines 22, 35 and

51 and the CE protons of lysines 2, 33 and 37. The NE protons were identified from the

cross peaks with the C5 protons in a homonuclear Hartmann-Hahn spectrum (see Table

1). The specific assignment could then be made from the 2D NOE spectra. The CE

protons of the lysines could be identified from 2D NOE spectra alone. The longe range

NOEs of these protons will be discussed in more detail below.

Table 2.
Chemical shifts in ppm of the assigned 1 H NMR proton resonances of lac

represser headpiece in the complex. The shifts are given relative to DSS.

Met-1
Lys-2

Pro-3
Val-4
Thr-5
Leu-6

Tyr-7

Asp-8
Val-9
Ala-10
Glu-11
Tyr-12

Ala-13
Gly-14

NH

8.73

8.22
9.43
9.23

7.63

7 53
7.43
8.10
7.97
8.02

8.50
8.02

C«H

4.18
ATI

4.56
4.39
5.13
3.64

4.18

4.49
3.37
3.64
4.13
4.13

4.32
3.98a

CPH

b

1.95.2.40
2.18
4.97
1.23,1.79

2.87,3.15

2.76,3.16
2.07
1.58
2.24a

3.05,3.23

1.39

others

CH2

C£H2

CTH2
CTH3

OH3
CJH
0 %
C2.6H
C3.5H

ClHg

CTH2
C2.6H
C3.5H

1.57,1.78,1.93
3.11a

2.09, 2.15
1.14.1.19
1.49
1.79
0.46, 0.84
7.08
6.48

0.60,0.77

2.39, 2.49
7.07
6.82
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Val-15
Ser-16
Tyr-17

Gln-18
Thr-19
Val-20
Ser-21
Arg-22

Val-23
Val-24
Asn-25
Gln-26

A!a-27
Ser-28
His-29

Val-30
Ser-31

Ala-32
Lys-33

Thr-34
Arg-35

Glu-36
Lys-37

Val-38
Glu-39
Ala-40
Ala-41
Met-42

Ala-43
Glu-44
Leu-45
Asn-46
Tyr-47

lle-48

Pro-49
Asn-50
Arg-51

Val-52
Ala-53

7.81
8.66
8.95

7.72
7.55
8.14
7.98

7.86
8.38
8.05
8.05

8.41
8.17
8.51

7.67
9.31

9.00
8-45

7.66
8.65

8.28
7.75

8.21
9.00
8.31
7.67
8.46

7.74
8.25
7.67
7.74
8.36

7.62

8.45
8.14

8.14
8.31

4.90
4.67
3.82

3.91
3.37
3.86
4.00

3.63
3.75

4.14

4.30
4.30

4.48

4.10
4.13

4.27
5.78

4.08
4.19

3.49
4.10
4.31
4.12
3.76

4.29
4.02
4.12
4.30
4.15

4.34

4.27
4.63
4.38

4.13
4.32

2.31
4.09, 4.28
2.89a

4.38
2.06
3.63, 3.77

2.36
2.18
2.79, 2.90
b

1.47
3.68
3.32, 3.18

1.94

1.55
b

3.84

b
b

2.25
b
1.62
1.74
b

1.59
b
1.31
2.74,3.16
2.58, 2.61

1.62

2.32, --
2.80,2.83
b

2.12
1.42

OiH3

C2.6H
C3.5H
N e H 2

C"YH3

C*H3

C 5 H 2

CTH3

CTH3

N 8H 2

CH 2

NEH2

C2H
C4H
CKBj

CH2

CEH2

CH 2

NEH
C H 2

r?2

CTH3

CH2

CH2

CEH 3

CH 2

C8H3

N 8 H 2

C2.6H
C3.5H
C7H2

CTH3

C 8 H 3

N 5H 2

CH2

C 8 H 2

NeH2

CKH3

o./4, u.az

6.58
6.58
6.96, 7.75
1.13
0.76, 0.84

3.17
7.18
0.99,1.08
0.99,1.0b
7.18,7.40
2.19, 2.33
6.80, 7.48

8.64
7.29
0.85,1.01

1.50,1.58, 1.73, 1.83
3.07
1.12
1.551.84,1.98a

3.25, 3.32
7.43
2.17,2.34,2,52
1.60, 1.74,2.01,2.10
•a n̂ a
O.UH

0.99a

2.05,2.18,2.55

2.10, 2.33, 2.47
2.00

1.95,2.11,2.43
0.53a

7.37,7.63
6.76
6.63
1.02,1.40
0.81
0.78

6.89,7.610
1.61,1.76,1.87
3.22a

7.22
0.97a

a) The chemical shifts are (nearly) identical.
b) No specific assignment of the various -CH2 groups was possible. Therefore, the nonspecific

assignments are listed in the next column.
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Secondary structure of lac headpiece in the complex.

The sequential and medium range NOEs which were identified for lac headpiece in

the complex are shown schematically in Fig. 7. The medium range NOEs correspond to

the short distances between the C a proton of residue i and the amide and CP protons

of residue i+3, d a N (i,i+3) and dap (i,i+3), respectively. These and the short distance daN

(i,i+4) are characteristic for residues in an a helical conformation. Furthermore, the

sequential NOEs corresponding to d N N are strong, whereas the d a N are weak [37].

Inspection of Fig. 7 shows that in the complex three helices are present. Clearly, helix I

is formed by residues 6-13, the same position as in unbound protein.

* 10 x 2 0 * 3 0» 4" 50
MKPVTLYDVAEYAGVSYQTVSRVVNQASHVSAKTREKVQAAMAELNYIRNRVAdCU

d N N - • mi

d N

Figure 7. Summary of the sequential and medium range NOEs of HP56 in the complex

with the 11 bp operator. The thickness of the lines for the sequential NOEs correlates

with the intensity of the NOE. The open bars indicate NOEs for which the intensities

could not be characterized as strong or weak due to broadening or the fact that the

cross-peak is close to the diagonal. The asterisks indicate amide proton resonances,

which show substantial broadening.

In the free headpiece helix I I is from Tyr-17 to Asn-25. In the complex several

medium range NOEs between these residues are assigned but due to the broadening of

the amide proton resonance of Tyr-17 and the absence of thr, amide of Gln-18 medium

range NOEs with these residues could not be identified. However, the NOEs between

the C a proton of Tyr-17 and the methyl protons of Val-20 are present in both the

complex and the free headpiece and the same is true for ali NOEs involving the

aromatic protons of Tyr-17. From this we conclude that also in the complex Tyr-17 is the

first residue of helix I I . Further, all medium range NOEs of this segment are consistent

with those found in the free headpiece. Therefore, also in the complex the recognition

helix is formed by residues 17-25 The medium range NOE between Val-23 and Ala-27,
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observed previously in HP51, indicates that the loop region following helix II is folded in

a similar same way as in the free headpiece.

For the third helical region nearly the same set of medium range NOEs is present in

both the complex and in the free headpiece. Therefore, helix i l l is formed by residues

34-45. Finally, no NOEs were observed indicating that the eight C-terminal residues of

headpiece have a well defined conformation.

Intraprotein NOEs.
Based on the assignments shown in Table 2, we identified long range NOEs within

lac headpiece in the complex. Most of the 169 medium and long-range NOEs which

have so far been used for determining the structure of the lac repressor headpiece

[20,29] are also present in the complex. These NOEs show that the packing of the three

helices is similar both in tiie complex and in the unbound protein. However, some NOEs

between the helices are different (Table 3). First, most NOEs between Leu-6 and Val-24

disappear, except the one between the methyl groups. Note that the disappearance of

these NOEs is not due to a broadening of the resonances as in the case of the

intraresidual cross-peaks of Ser-16. In this case the resonances of Leu-6 and Val-24

which are involved in these cross-peaks have more or less the same linewidth as most

of the resonances in the complex. Instead, in the complex an NOE between Leu-6 and

the C a proton of Ser-21 is present. The other NOEs involving both methyl groups of

Leu-6, i.e. to Val-9, Tyr-17 and Tyr-47, are the same in both systems. Therefore, we

suppose that this difference in NOEs does not reflect a different conformation of the side

Table 3

NOEs of the lac headpiece that are different in the complex compared to

the free protein

NOE complex free protein

Leu 6
Leu 6
Leu 6
Val15
Ser16
Asn25
Ser28
Ser28
His 29
His 29
His 29
His 29

C°H3
CSH3

C5H3

NH
NH
CPH
CPH2

C«H
C«H
CPH2

NH
NH

Ser21
Val24
Val24
Ser 16
Tyr17
Ala 27
His 29
His 29
His 29
His 29
His 29
His 29

C«H
CaH
CPH
NH
NH
NH
C4H
C4H
C4H
C4H
C2H
C4H
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chain of Leu-6 but a slightly changed orientation of helix II in the complex. This would

then also imply changes in both the turn between helices I and II and the loop region

which connects helix II with helix i l l . Referring to Table 3, different NOEs are indeed

observed in the complex, i.e. the amide-amide NOEs between Ser-16 and both Val-15

and Tyr-17 and also a contact between the CP protons of Asn-25 and the amide of

Ala-27 is found. Furthermore, as already mentioned, the NOEs between the CP protons

of Gln-26 and the amide of Ala-27 are more intense in the complex.

55

Figure 8. Changes in proton chemical shift of the amide protons of HP56 induced by

binding to the 11 bp half-operator. The displayed changes are the difference of the shift

in the complex at 1.2 M KCI with those in the complex at 0.2 M KCI.

This minor reorientation of helix II also seems to be reflected in the changes of the

chemical shift of the amide protons upon complex formation. These data are shown in

Fig. 8. Most of the shifts of the amide protons which are on the outside of the molecule

can be explained by the proximity of the aromatic bases or charged phosphates of the

DNA. For instance, in our model Leu-6 is close to the DNA and the same is also true for

Ser-31, which is close to the phosphate backbone. Obviously, for residues in the

recognition helix the change in chemical shift can be explained by ring current shifts

caused by the bases of the DNA. However, the amide of Val-24 is at the inside of the

molecule as was already seen in a detailed study of the amide proton exchange of the

free headpiece [38]. Nevertheless, a strong shift is found for the amide of Val-24, which

is more likely due to a structural change.

Other differences in NOEs are found for His-29 (Table 3). In the complex the

aromatic C2 and C4 protons have clearly more intraprotein NOEs. These contacts show

that the imidazole ring of His-29 is less mobile in the complex. Moreover, the strong

NOEs between the C4 proton and both the C a and CP protons of Ser-28 suggest that the

ring has a fixed orientation. This can be important for establishing more precisely the

contacts that His-29 makes with the DNA.

As already mentioned, due to some favourable changes in chemical shifts it was

possible to assign several proton resonances for which no assignments could be made
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so far. A list of NOEs concerning these residues is given in Table 4. Comparison with the

spectra of the free headpiece shows that most of the NOEs seem to be present as well,

albeit that no unambiguous assignment could be made. Very interesting are the NOEs

involving Arg-22 because this residue is involved in specific DNA interaction [26,27].

Especially, the contacts of the C8 protons can be used to define the conformation of the

side chain of Arg-22 both in the free protein and in the complex.

Table 4

New NOEs for the lac headpiece a.

Ala 13
Val15
Thr19
Thr19
Arg22
Arg22
Arg22
Arg22
Arg22
Arg22
Val23

CPH
CYH3

C«H
C"H
C«H
C°<H
C P H 2

C8H2

C«H
C 8 H 2

CYH3

Lys37
Lys37
Arg22
Arg22
Arg22
Ala 27
Ala 27
Ala 27
Val30
Val30
Arg35

C£H2
C | H 2
C8H2

NEH2

C5H2

CPH 3

C P H 3

CPH 3

CVH3

CTH3

C 8 H 2

The table contains those NOEs for which an unambiguous interpretation was only possible in 2D
NOE spectra of the HP56 -11 bp complex. These NOEs are also present in spectra of the free
headpiece but could not be unambiguously assigned due to overlap.

Folding of lac repressor headpiece in the complex.

In order to generate a structure of the headpiece in the complex a restrained

molecular dynamics (MD) calculation of 20 ps was done. As a starting structure we took

the result of a 60 ps MD run based on the 169 NOEs published before [39]. This NOE set

resulted in 137 nonsequential upper bound constraints used in the modelling until now.

Not only did the new constraint list contain the additional NOEs from tables 2 and 3, but

for most NOEs involving the non-exchangeable protons also proton-proton distances

were calculated from the initial NOE build-up rates. After pseudo atom corrections an

extra margin of 15% was added to these upper and lower bounds. In this way a list of

229 distance constraints was generated. Of this set 150 constraints are nonsequential.

To this we added 34 upper bound constraints for the medium and long range NOEs from

the H2O spectra, for which no build-up data are available yet, giving a total of 184

nonsequential constraints.

The resulting structure, together with the starting structure, are shown in Fig. 9. The

view is such that one is looking through the recognition helix. The rms difference for

matching the backbone atoms of residues 5-47 of both structures, excluding in this way

the ill-defined terminal regions, is 2.5 A. As can be seen the relative orientation of the
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three helices is very much the same. In fact, for the helix-turn-helix motifs the rms
difference is only 0.7 A. Whether this small difference is due to the difference in NOEs
(i.e. Table 3) cannot be said at this moment. The reason for this is that the starting
structure was made using a less extensive constraint set without any information from
NOE build-up rates. In the various structures we have available at the moment for the
free headpiece the NOEs involving Leu-6 and both Ser-21 and Val-24 can all be
accounted for. Therefore, higher resolution structures of the unbound protein are
required. Those can be obtained using distances from NOE build-up series and taking
spin diffusion into account using a complete relaxation matrix calculation (IRMA) [40,41].

The most prominent differences between the two structures are found in the loop
region between helices II and III. The main reason for this could be the introduction of
the new NOEs between residues in the loop (Ala-27 and Val-30) and Arg-22, which are
identified in both the complex and the free headpiece (Table 4). Although some new
NOEs are found involving residues in the loop, again, we cannot say to what extend the
structure of the headpiece changes upon complex formation, without having a new
structure of the unbound protein which also includes the new NOEs and proton-proton
distances.

Also shown in Fig. 9 are the side chains of Arg-22 and His-29 of the headpiece in
the complex, which are now restrained by several new NOEs (Tables 3 and 4). The
consequences of the orientation of these two side chains will be discussed in the next
section.

Figure 9. Stereoview of the structure of lac headpiece in the complex with the 11 bp lac
operator (solid line). The side chains of Arg-22 and His-29 are also shown. For
comparison the starting structure is shown in the broken line. The view is through helix II
of the headpiece. The major difference is in the loop region between helix II and helix
ill. For discussion see text.
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Protein-DNA interaction.
Information on the specific interaction of lac repressor headpiece and lac operator

can be derived from NOEs between the protein and the DNA. Many of these NOEs have
been published by us before and based on these NOEs a model for the complex has
been proposed [21-25]. Some of the residues involved in the DNA interaction will now
be discussed.

For Gln-18 a specific contact with base pair GC-7 has been proposed based on
genetic data [42]. Under high salt conditions the side chain amide protons could be
assigned by comparison with the unbound protein and the resonance positions could
easily be followed in the salt titration (Fig. 10). The assignments of the side chain -NH2

protons in the complex at low salt and in free HP56 are shown in Fig. 11. Also indicated
is a cross-peak between one of the Ne protons of Gln-18 and the H5 proton of C-7. At
low salt the latter proton and the H6 proton of T-6 have almost identical chemical shifts.
Fortunately, at 0.35 M KCI the H5 proton of C-7 resonates at a unique frequency and the
NOE between Gln-18 and C-7 is still present. From this we conclude that also at low salt
there must be an NOE between one of the Ne protons of Gln-18 and the H5 proton of
C-7. This NOE shows that there is a short distance between these protons, which would
be in agreement with the proposed specific interaction between Gln-18 and base pair
GC-7 [42].

Except for this NOE the only other identified contacts between protein and DNA
involving exchangeable protons are between the amino protons of GC-9 of the 11 bp
operator and the aromatic protons of Tyr-17, and between one of the amino protons of
GC-9 and the C3,5 protons of Tyr-7 in the complex with a 14 bp operator fragment.
Because of overlap these latter NOEs could not be identified in the complex with the 11
bp fragment. Since the other protein-DNA NOEs are very similar for the complexes with
either the 11 or 14 bp operators it is very likely that in the case of the 11 bp DNA

Figure 10. Change of the chemical
shift of the side chain amide protons of
several residues of HP56. These
curves confirm the assignments made
in the complex, in particular forAsn-25
and Gln-18.
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fragment there is a short distance between the amino protons of GC-9 and the C3,5

protons of Tyr-7.

Besides NOEs, the shift of several exchangeable protons can also be an indication

that these protons are close to the DNA. For example, one of the N5 protons of Asn-25

shifts downfield upon complex formation (Fig. 10). In our model this residue is in a good

position to form a hydrogen bond with the phosphate backbone of the DNA, which could

account for the observed shift. In the complex of X repressor and its operator [18] the last

residue of the recognition helix, which is also an Asn, clearly contacts the phosphate

backbone.
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Figure 11. Expanded region from m2 = 6.73-7.69 ppm and OJJ = 5.49-7.83 ppm of a 2D

NOE spectrum of HP56 (A) and of the complex (B). In both spectra the side chain amide

protons of the headpiece are indicated. In the complex spectrum (B) also the intra-DNA

cross-peak between the H2 protons of A3 and A4 is indicated. Furthermore, the line

shows the protein-DNA NOE between one of the N? protons of Gln-18 and the H5 proton

ofC7.
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Table 5

NOEs observed between lac headpiece and lac operator.

Protein DNA

unambiguous a

Thr5
Leu6
Tyr7
Tyr7
Tyr7
Tyr7
Tyr7
Tyr7
Tyr17
Tyr17
Tyr17
Ser21
His29
His29
His29

CPH
CSH3

H3.5
H2,6
H3.5
H3.5
H3,5
H3.5
H3.5 + H2.6
H3,5 + H2.6
H3.5 + H2,6

cm
H2
H2
H2

probable a

Thr5
Thr5
Leu6
Leu6
Leu6
Leu6
Tyr7
Tyr17
Tyr17
Gln18
Ser21
Ser21
Ser21
Ser2-"
His29
His29
His29
His29
His29
His29
His29
His29
His29
His29
His29

CTH3

C7H3

C8H3
CSH3

C5H3

CSH3
H3,5
H3.5 + H2.6
H3.5+H2.6
NeH2

CPH<*
cPHd
cP'Hd
H2
H2
H2
H2
H4
H4
H2
CPH°"
CP'Hd
CPH°"
cP'Hd

G10
C9
G10

•G10

•G10
•G10

•C9
•C9
-C9
-C9
•T8
-T8
-A2
-T3
-A2

-G10
-G10
-C9
-C9
-C9
-T8
-GC9
-T8
-GC9
-C7
-T8
-T8
-T8
-T8
-A2
-A2
-A2
-A2
-T3
-T4
-T4
-T4
-T4
-T3
-T3

H31

H5
H8
H8
H1 ' D

H31

H5
H6
H5
H6 b

H6
H6
H8 b

CH3

H1'C

H8
H31

H5
H6.
H3'b

H6 b

CH41
CH3

CH41
H5
CH3

CH3

H6
H6
H31

H41

H5'd

H5" d

CH3

CH3

CH3

H6
H6
H6
H6

a) The unambiguous NOEs were assigned at unique resonance frequencies, while the probable NOEs
were from resonances which could overlap with resonances of other protons.

b) Due to overlap these NOEs could not be identified in the spectra of the 11 bp complex. These NOEs
were assigned from spectra of the HP56-14 bp complex (see text for further discussion).

c) Assigned in the complex of HP56 and a 22 bp symmetric operator.
d) H5' and H5" protons, cP and C?' protons were only pairwise assigned.
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Apart from these NOEs, which involve exchangeable protons, more NOEs between
the nonexchangeable protons could be identified in the 600 MHz spectra. These are,
between the Ca and CP protons of Ser-21 and the H6 proton of T8 and between the CP
protons of His-29 and the H6 protons of both T3 and T4. A complete list of all observed
protein-DNA NOEs is given in Table 5.

Finally, the consequences of the different conformation of the lac repressor
headpiece for the DNA binding will be discussed. In particular, the orientation of the side
chain of Arg-22, which is now fixed by several constraints going to the Cs protons, is
very interesting. Some preliminary results of modelbuilding (data not shown) show that
the guanidinium group points directly towards base pair GC 5 making hydrogen bonds
with the N7 and O4 atoms of the guanine base. This is in agreement with our previous
predictions and recent genetic data [26,27]. The fact that no NOEs between Arg-22 and
the DNA are observed can be explained by the fact that the -NH2 protons are still
exchanging too fast with H2O to be detected by NMR. The detectable NE proton of
Arg-22 could already be too far away from the DNA to give NOEs.

The aromatic protons of His-29 have several NOEs with A2, T3 and T4 (i.e. Table
5). In the 11 bp complex the NOEs to the thymines are clearly more intense than those to
A2. The preliminary results from modelbuilding seem to show that the imidazole ring of
His-29 is indeed closer to T3 and T4 than its is to A2. It is not clear at this point whether
the aromatic ring of His-29 is involved in a nonspecific contact with the phosphate
backbone of the DNA or in a sequence specific interaction in the major groove. A
comparable contact has been found in the complex of X repressor [18]. Here, Asn-55
which is in the loop region after the recognition helix contacts base pair 6 of the DNA.
Also in the complex of phage 434 repressor [16] residues in the loop region, which
follow after the recognition helix, interact with the DNA, although in this complex the
contacts are to the phosphate backbone.

The model building shows that direct contacts between the lac repressor
headpiece and the DNA are possible like those in the complexes of A. [18] and 434
repressor [16]. This would be in contrast with recent MD calculations, in which only
water mediated H-bonds between amino-acid side chains and nucleic acid bases were
found [43] which would be more similar to the case of trp repressor [19]. To ascertain this
point, a higher resolution structure of the complex will be required. This could be
achieved using distances from the NOE build-ups for the whole complex together with
stereo-specific assignments and using the IRMA procedure [40,41] to correct for the
effect of spin-diffusion. These studies are presently being carried out.
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Chapter 6

The amino-terminal domain of LexA repressor is
a helical but differs from canonical helix-turn-helix

proteins.
A two-dimensional 1H NMR study.

129



R. M. J. N. Lamerichs, A. Padilla, R. Boelens, R. Kaptein, G. Ottleben, H. Ruterjans,

M. Granger-Schnarr, P. Oertel and M. Schnarr Proc. Natl. Acad. Sci. USA 86,

(1989), in press.

130



ABSTRACT

The amino-terminal DNA binding domain of LexA repressor consisting of 84 amino
acid residues has been studied by two-dimensional 1H NMR. Sequence specific 1H
resonance assignments were made for the first 60 amino acid residues. The secondary
structure of this part of the protein contains three a-helices in the peptide segments
8-20, 28-35 and 41-54. The last helix has a distortion around residues 47-48. The
peptide segment 28-47 shows weak homology with other helix-turn-helix proteins
[Pabo, C. 0. & Sauer, R. T. (1984) Ann. Rev. Biochem. 53, 293-321]. To investigate the
spatial structure of this region of the molecule distance-geometry calculations were
performed based on proton-proton distance constraints from NOEs. The resulting
structure shows that the segment 28-47 contains two helices with a loop region between
them. The relative orientation of the two helices is similar to that found in helix-turn-helix
proteins, but the helices are further apart with the phenyl ring of Phe-37 located between
them. A search through the Brookhaven Protein Data Bank showed that this two helical
structure is not more closely related to the helix-turn-helix motif than it is to similar but
different substructures found in other classes of proteins.

INTRODUCTION

LexA repressor plays an important role in the regulation of about 20 different 'SOS
genes'. These genes code for proteins that are involved in the repair of cellular DNA
damage due to carcinogens or UV light (for reviews, see refs. 1 and 2). During this
'SOS response1 the RecA protein is converted into its active form which stimulates the
cleavage of the LexA repressor resulting in derepression of the SOS regulon. This
mechanism is very similar to that of the inactivation of the phage X repressor resulting in
prophage induction [3].

LexA has two domains connected by a hinge region containing the Ala-84-Gly-85
cleavage site. At this site the protein can also be hydrolysed in an autocleavage reaction
that occurs at alkaline pH [4], resulting in amino- and carboxy-terminal domains of 84
and 118 amino acid residues, respectively. Methylation protection and hydroxyl radical
footprinting experiments [5,6] have shown that both intact LexA and the isolated
amino-terminal domain form the same specific complex with recA operator DNA.
Therefore, DNA binding occurs through the amino-terminal domain whereas the
carboxy-terminal part of the protein is mainly involved in dimerisation [7] strengthening
in that way DNA binding of the intact repressor to the palindromic SOS operators. The
isolated amino-terminal domain retains a substantial DNA binding capacity, since at

131



least in the case of the uvrA operator its association constant was found to be only

14-fold less than that of the entire repressor [8].

The X-ray structures of several DNA binding proteins, i.e. CAP, the phage k

proteins cl and cro and trp repressor [9-12], show that they share a common element,

called the helix-turn-helix motif. This structure element is involved in the DNA

recognition as seen in the cocrystals of repressor and cro of bacteriophage 434 [13-15],

trp [16] and X cl [17] with their operators. NMR studies on the amino-terminal domain of

lac repressor, the lac headpiece, showed that it also contains a helix-turn-helix motif

[18]. Furthermore, this structural motif is also involved in binding to lac operator,

although its orientation in the headpiece-operator complex is opposite (with respect to

the dyad axis) to that found in the complexes of 434, trp and X cl [19, 20].

Recently it was shown by NMR that the homeodomain of the antennapedia protein

from Drosophila also contains a helix-turn-helix domain [21].

Comparison of the primary structure of these proteins revealed that strong

homology is present in the regions that form the helix-turn-helix substructure. For LexA it

has been suggested that a helix-turn-helix motif would start at Arg-28 [22], based on

weak sequence homology in the first helix of the motif (i.e. Ala-32) and the highly

conserved Gly-36 in the turn. However, other studies [23] predict that LexA has only a

low probability to have a helix-turn-helix domain and that, if it is present at all, it would

start at Thr-5. Applying the algorithm of Dodd and Egan [23] to the region starting at

Arg-28 yields the very low score of 360 compared to at least 1400 normally found in

helix-turn-helix proteins. Thus, at the start of this work it was an open question whether

or not LexA recognises its various operators through a helix-turn-helix motif.

In this paper we report on the secondary structure of the amino-terminal domain of

the LexA repressor derived from two-dimensional (2D) NMR measurements. The data

show that LexA contains at least three helices, one with a kink in the middle. Further, we

have determined a spatial structure for the part of the protein containing helices 2 and 3,

using distance-geometry calculations based on the NMR data, in order to assess the

homology with the helix-turn-helix substructure found in other repressors. In this

structure the orientation of the two helices with respect to each other is roughly the same

as in cro-like helix-turn-helix proteins. The main differences are that the turn is two

residues longer and that the amino-terminal end of helix 3 is displaced to allow the

aromatic ring of Phe-37 to be inserted between the two helices forming a tightly packed

hydrophobic pocket. In addition we performed a search of the Brookhaven Protein Data

Bank (release May, 1989) which showed that the conformation of the segment 28-47 of

LexA differs as much from the canonical helix-turn-helix motifs as it does from structural

elements found in unrelated proteins.
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MATERIALS AND METHODS

LexA was isolated as described by Schnarr et al. [24]. The protein was cleaved into

two domains using the autocleavage reaction, carried out at pH 9.4. The amino-terminal

domain was subsequently purified on hydroxylapatite and phosphocellulose columns

as described by Hurstel et al. [5].

The NMR measurements were carried out using a 3 mM solution of the

amino-terminal domain in 10 mM phosphate buffer, pH 5.2, 300 mM NaCI in

95% H2O/ 5% 2H2O. The NMR spectra were recorded at 500 MHz on a Bruker AM 500

interfaced with an Aspect 3000 computer. The data were processed on a microVAX II

with the '2D NMR1 software library written in FORTRAN 77. The 2D NOE spectra were

recorded with the pulse sequence: 90°-t1-90o-Tm-45°-i:-45o-t2(acq.). In this sequence the

selective 45°-x-45° pulse excites the water protons only weakly. To remove unwanted xy

magnetisation a short field gradient pulse was given just before the selective pulse. The

carrier was placed to the left of the spectrum and the t-| value was incremented from 0.3

us to 40 ms. The spectrum was recorded with a mixing time (tm) of 250 ms. A 32-step

phase cycle was used [25] and 400 free induction decays (FIDs), 96 scans each, of 2K

datapoints were recorded. The time domain data were weighted with a sine-bell shifted

by JC/1 2 in both the t2 and t-| dimensions. The data were processed to give a phase

sensitive spectrum of 1K x 1K datapoints having a digital resolution of 4.88 Hz/point.

Baseline corrections were performed in both the co-| and cog domains [26].

Distance-geometry calculation were performed with the program DISGEO [27].

RESULTS AND DISCUSSION

At present, assignments of the proton resonances of many proteins with molecular

weights up to about 10 kD have been reported. Although the amino-terminal domain of

LexA is of comparable size, 84 amino-acids and a molecular weight of 9.1 kDa, the

analysis of the 2D NMR spectra of LexA was not trivial. The protein has a tendency to

aggregate at the high concentrations needed for 2D NMR experiments (3-5 mM).

Therefore, the T2 relaxation time is quite short resulting in rather broad resonances and

in the 2D homonuclear Hartman-Hahn experiments the so called relay cross-peaks,

which are very useful for the assignment of spin systems, are hardly present.

Furthermore, the protein contains relatively few aromatic residues, only two histidines

and two phenylalanines but many residues (48) with long side chains, i.e. Leu, He, Val,

Glu, Gin, Lys and Arg. This results in strong overlap in particular in those regions of the

spectra where the methylene and the methyl resonances occur. Also, spectra could not
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be recorded at a pH value where the exchange of amide protons would be minimal
since the protein denatures at pH values below 5. After dissolving the protein,
lyophilized from H2O, in 2H2O at pH 6.5 all amide protons exchange within a few
minutes. While at pH 5.2, only 10-15 amide protons remain visible for about 30 minutes.
Nevertheless, so far 59 amides out of a total of 80 have been assigned. Another 19 are
present, but could not yet be assigned due to severe overlap. Most assignments were
made for the residues 1 to 60 whereas in the remaining part of the protein only a few

H46

9-

8 m 2 (PPM) 7

Figure 1. Expanded region (coi = m2 = 6.60 - 9.25 ppm) of a 500 MHz proton 2D NOE
spectrum recorded for the amino-terminal domain of LexA in 95% H20/5% 2H20. The
sequential assignment via amide-amide NOEs of residues in the first helix is indicated
by solid lines. The position of the aromatic resonances is indicated on top of the figure
and the dotted lines connect the resonance positions.
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residues could be identified. As an example the sequential assignment via amide-amide
NOEs for the residues Gln-8 to lle-15 and from Arg-16 to Gln-21is shown in Fig. 1. The
positions of the aromatic resonances are also indicated in this figure. The fact that many
amide-amide NOEs are present in the 2D NOE spectra of LexA indicates that the protein
has a large a-helix content. A detailed discussion of the 1H resonance assignment will
be given elsewhere.

Secondary structure. Information on the secondary structure can be derived
from the relative intensities of the sequential NOEs between the amide protons and
between the Ca proton of residue i and the amide of i+1. These NOEs correspond to the
short distances duN and daN, respectively [28]. For instance, in the fully extended
conformation daN is short (2.2 A) giving a strong NOE. Whereas dNrj is long (4.3 A) and
therefore the NOE between the amide protons will be absent or very weak. In helical
regions dnjN is short (2.8 A) while daN is longer (3.5 A) and medium range NOEs are
found between the Ca proton of residue i and the amide and CP protons of i+3,
corresponding to the short distances daN(i,i+3) and dap(i,i+3), respectively. Furthermore,
NOEs corresponding to daN(i,i+4) are typical for a-helices while 3iO-helices are
characterized by short dafj(i,i+2) distances. The latter distance is also short in turns
whereas d ^ and dam vary depending on the type of turn.

The sequential and medium range NOEs that could be identified in the 2D NOE
spectra of the amino-terminal domain of LexA are shown in Fig. 2. Note that in most
cases the absence of a particular contact within an assigned region is due to the fact
that the corresponding NOE could not be identified because of overlap. In those
instances when the NOE is really absent and where this information is important for

1 10 ZO 30 40 50 60
MKAITARQOEVFDLIRDHISOTGMPPTRAEIAQRLGFRSPNAAEEHIKALARKGVIEIVS

duN

Figure 2. Summary of the short and medium range NOEs of the first 60 residues of the
amino-terminal domain of LexA. The presence of a certain NOE is indicated by a line
connecting the two residues. The thickness of the lines corresponds to the intensity of

t. the NOE. The a-helical regions are indicated by a line under the amino acid sequence.
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interpretation of the data it will be mentioned explicitly. In three different regions short
da)S|(i,i+3), dap(i,i+3) and daN(i,i+4) in combination with strong sequential amide-amide
NOEs are found, indicating that a-helices are present. These regions comprise residues
8-20, 28-35 and 41-54.

In the first peptide segment an a-helix starts at Gln-8. The daN(i,i+4) NOEs show
that the helix might run as far as Gln-21. However, the NOEs corresponding to the
dap(i,i+3) between His-18 and Gln-21, which would have occured in a free region of the
spectrum, are not present. Therefore, it seems more likely that the first a-helix stops at
Ser-20. In the second region an a-helix is present from Arg-28 until Leu-35. Gly-36 is
not included in the helix as became clear from the distance-geometry calculations
discussed below. Finally, in the last region from 41 to 54, a third a-helix starts at Asn-41.
The NOE belonging to the dpN(i,i+2) between 46 and 48 indicates that there is a
distortion of the a-helical structure at Lys-48. Unfortunately, due to overlap it was not
possible to identify more medium range NOEs in the region from 46 to 50 but the
present data indicate that the helix continues at Leu-50 and ends at Gly-54 or possibly
at Val-55. Whether the region from 41 to 54 should be regarded as one helix with a
distortion at Lys-48 or as two separate helices, from 41-47 and 50-54 respectively,
remains an open question at the moment. However, the NOE between His-46 and
Lys-48 shows that the disruption in the backbone conformation will certainly be large
enough to cause a substantial kink between the two a-helical regions.

The putative helix-turn-helix region. As already mentioned in the
introduction it was not clear from the sequence homology whether the structure of LexA
contains a helix-turn-helix motif or not. Dodd and Egan [23] predicted, with a low
probability, that the motif starts at Thr-5, which implies that the helices would be formed
by residues 5-12 and 16-24. The data presented here show that a long regular helix is
formed from Gln-8 to Ser-20. Therefore, this possibility must be excluded. According to
Pabo and Sauer [22] the helix-turn-helix motif could be formed by residues 28-47. This
prediction is in better agreement with the NMR data since the second helix in LexA
indeed begins at Arg-28. The positions of the helices in LexA are compared with those
in phage X represser, /ac-repressor headpiece and trp represser in Fig. 3. In A. cl this
motif is formed by helices 2 and 3, in lac repressor by helices I and II and in trp by
helices D and E. Further, in Fig. 3 some of the highly conserved residues are underlined
and the mutants that affect the DNA binding of LexA are indicated by an asterisk. There
is a fairly good match between the positions of the helices in LexA with those in X cl and
trp repressor and, as far as helices 2 and 3 are concerned, also with the helices I and II
of lac repressor. In LexA the region between helix 2 and 3 appears to be longer than in
other repressors. Whether the segment 28-47 can be considered to be a helix-tum-helix
motif will be discussed in the next section.
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Lac

Trp

F/gure 3. Comparison of the location of the cc-helices in the amino-terminal domain of
LexA with X cl repressor, lac represser and trp repressor. The primary structures are
aligned for optimal sequence homology [19]. The highly conserved residues are
underlined. The location of the helices is indicated by arrows and the numbers indicate
the positions where the helices start in X cl, lac and trp repressors. Furthermore, the
positions of the mutants of LexA that decrease the affinity to the recA operator are
indicated by an asterisk.

32NH 43NH
31NH 11NH|42NH 35NH
1 ll I I

37(2,6) 37(3,5) 37(4) 46(4)
II II

8.0 7.0 w 2
 ( P P M>

Figure 4. Contour plot of the spectral region ( a>i = 0.55 - 1.15 ppm, co2 = 6.60 -8.15
ppm) of the 2D NOE spectrum mentioned in Fig. 1. The resonance positions of several
protons belonging to residues of the peptide segment 28-47 and of Val-11 are indicated
on the top and on the right of the figure, intra-residue cross-peaks are indicated by
numbers. Inter-residue cross-peaks are indicated by horizontal and vertical lines.
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Table 1.

NOEs between residues 28-47 in the turn and helix 2 and 3 of LexA.

NOEs* Upper bound (Â)b

Val-11
Val-11
Val-11
Val-11
Val-11
Val-11
lle-31
lle-31
lle-31
lle-31
Ala-32
Ala-32
Ala-32
Ala-32
Ala-32
Ala-32
Gln-33
Leu-35
Leu-35
Leu-35
Gly-36
Phe-37
Phe-37
Phe-37
Phe-37
Phe-37
Phe-37
Phe-37
Phe-37
Phe-37
Phe-37
Phe-37
Phe-37
Phe-37
Arg-38
Ser-39
Ser-39
Ser-39
Ala-42
Ala^»3
Ala-43

(CTW)
(CÏH)
(CTH)
(CTW)
(CTH)
(CTH)
(C^l)
(CSH)

(C«H)
(CSH)
(COH)
(C«H)
(C«H)
(CPH)
(CPH)
(CßH)
(C«H)
(CPH)
(CPH)
( C 8 H )

(NH)
(CTH)
(CPH)
(CPH)
(COH)
(CßH)
(C2.6H)
(C2.6H)
(C3.5H)
(C2.6H)
(C3.5H)
(C2.6H)
(C3.5H)
(C4H)
(NH)

(C°H)
(CßH)
(CßH)
(C°H)
(CPH)

Leu-35
Phe-37
Phe-37
Phe-37
His-46
His-46
Phe-37
Phe-37
Phe-37
His-46
Phe-37
Phe-37
Phe-37
Phe-37
Phe-37
Phe-37
Gly-36
Phe-37
Phe-37
Gly-36
Phe-37
Arg-38
Arg-38
Ser-39
Ala-42
Ala-42
Ala-42
Ala-42
Ala-42
Ala-43
Ala-43
His-46
His-46
His-46
Ser-39
Pro-40
Asrt-41
Asn-41
His-46
His-46
His-46

(CÖH)
(C2.6H)
(C3.5H)
(C4H)
(CßH)
(C4H)
(C2.6H)
(C3.5H)
(C4H)
(C4H)
(CßH)
(C2.6H)
(C3.5H)
(C°H)
(CßH)
(C2.6H)
(NH)
(NH)
(C2.6H)
(NH)
(NH)

(NH)
(NH)
(NH)
(CßH)
(CßH)
(C«H)
(CßH)
(CßH)
(C«H)
(CßH)
(C4H)
(C4H)
(C4H)
(NH)
( C S H )

(NH)
(NH)
(C4H)
(C4H)
(C4H)

5.0
8.4
8.4
7.1
7.4
7.1
7.0
7.0
5.0
5.7
6.0
7.0
5.0
5.7
6.0
7.0
4.7
5.7
7.0
6.0
3.0
2.5
5.0
5.0
5.7
6.0
6.7
7.0
7.7
6.0
7.0
6.7
50
4.7
3.0
5.0
4.7
5.0
5.7
3.0
5.7

a For the NOEs three different groups of intensities are used.
b Upper bounds on proton-proton distances with pseudo-atom corrections.
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Spatial structure of the peptide segment 28-47 in LexA. In the crystal
structures of DNA binding proteins that contain a helix-turn-helix motif the relative
orientation of the two helices is strongly conserved. Information of this orientation in
LexA can be derived from NOEs between residues in the two helices. The assignments
of some of these NOEs involving the aromatic resonances of Phe-37 and His-46 are
shown in Fig. 4. The NOEs that are important for the modelling of the region 28-47 are
listed in Table 1. For LexA most NOEs in this region are between residues in the turn
and residues in both helices. Only one direct NOE between helices 2 and 3 is present,
i.e. between the aromatic C4 proton of His-46 and the methyl protons of lle-31. The large
number of NOEs between the aromatic ring protons of Phe-37 and side chain and
backbone protons of residues in both helices 2 and 3 show that the aromatic ring of
Phe-37 is located between the two helices. Furthermore, the contacts of Phe-37 with the
aromatic C4 proton of His-46 (Fig. 1) show that the side chain of this last residue is on
the same side of helix 3 as the phenylalanine.

In order to generate a spatial structure for the peptide segment 28-47 the NOEs of
Table 1 were used in distance-geometry calculations. The lower bounds on the
proton-proton distances were taken as the van der Waals distance of 2 A while the
upper bounds are shown in Table 1. In the calculations the regions from Arg-28 to
Leu-35 and from Asn-41 to Leu-47 were constrained to be in a-helical conformation. A
family of 10 structures was found with an average rms difference of 0.8 A and with a
maximum violation of the constraints of 0.3 A. One of these structures is shown in Fig. 5.
As already mentioned above, the structure shows that the first helix ends at Leu-35.
Furthermore, the aromatic ring of Phe-37 is located between the two helices forming a
hydrophobic pocket together with the alanines at positions 32, 42 and 43 and also with
lle-31.

Figure 5. Stereoview of the spatial structure of the peptide segment 28-47, based on the
NMR data (for details see text). Both helix 2 (residues 28-35) and the first part of helix 3
(residues 41-47) are indicated as cylinders. The side chains of lle-31, Pro-40, His-46
and the alanines 32, 42 and 43 are shown.
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Figure 6. Comparison of the structure of the peptide segment 28-47 of the
amino-terminal domain of LexA repressor and the helix-turn-helix motif of lac-repressor
headpiece (residues 6-25). The two structures are superimposed by matching the first
helices of the motif. The structure of LexA is shown in solid lines, while that of lac
headpiece in broken lines. Only backbone atoms are shown except for the side chain of
Pro-40 of LexA.

A comparison with the helix-turn-helix domain as found in /ac-repressor headpiece
is made in Fig. 6. The rms difference after fitting the complete structures, region 6-25 of
lac repressor and 28-47 of LexA repressor, without any prealignment is 2.2 A. The main
reason for this difference is that in LexA the loop region is two residues longer and as a
result of this the end of helix 2 and the amino-terminal start of helix 3 are further apart
with Phe-37 located between the two helices.

In order to establish the relationship of LexA with other DNA binding proteins the
conformation of the segment 28-47 was used in a search of the Brookhaven Protein
Data Bank. The coordinates of the 21 Ca atoms of this segment of LexA were matched
on every possible segment of 21 Ca atoms of all proteins for which coordinates are
present in the data bank. As a result, rms differences varying between 2.2 and 2.5 A
were found for the helix-turn-helix motifs of DNA binding proteins. The closest
structurally related substructure in the other proteins had an rms difference of 2.2 A, i.e.
enolase from Saccharomyces Cerivisiae. Furthermore, 14 proteins with rms values
between 2.5 and 3.0 A were found. Since the helix-turn-helix motifs found in various
DNA binding proteins are very similar [29], within 0.8 A, the result of the search suggests
that the structure of the segment 28-47 of LexA is not closer related to the
helix-turn-helix motif then it is to similar but different structures found in proteins of other
classes.
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It should be noted that there is as yet no experimental evidence available for the
involvement of the segment 28-47 in the DNA recognition. However, we can conclude
that whatever the DNA binding region of LexA turns out to be it has a substantially
different structure than that of the other repressors.

A comparison of the primary structure of LexA with that of other DNA binding
proteins gives a possible explanation why this structure in LexA differs from the
helix-turn-helix motif. Only LexA has an alanine at position 42, where normally a
branched aliphatic side chain (Val, lie or Leu) is present and a phenylalanine following
the conserved glycine [22]. The conserved van der Waals contact between the two
helices of the motif, i.e. between Ala-10 and Val-20 in lac repressor [18], is replaced in
the case of LexA by a network of hydrophobic contacts involving Phe-37 and alanines
32, 42 and 43. Now, these contacts serve to fix the relative orientation of the two helices
but these helices have to be further apart to allow the phenyl ring to be positioned
between them.

Recently, a number of LexA mutants were found that have a decreased affinity
towards operator binding (P. O., R. M. J. N. L., M. S. and M. G.-S., to be published
elsewhere). The positions where the amino acid replacements occur for these mutants
are shown in Fig. 3. Based on the NMR results an interpretation of these data in
structural terms can now be given. Thus, decrease in operator affinity of the mutants
Ala-32 (-> Val), Ala-42 (-> Thr), Ala-43 (-» Thr or Val) must have a structural origin.
Replacing the methyl groups of the alanines by larger side chains probably changes the
structure of this region. The NOEs of Val-11, mentioned above, show that this residue is
involved in the hydrophobic pocket around lle-31 and His-46. Therefore, the mutant
Val-11 {-» Met) also seems to be structural and the same can be argued for lle-15 since
it is on the same face of helix 1 as Val-11. Although it seems likely that mutant proteins
with altered amino-acid residues at Gly-23, Pro-25, Pro-26, Pro-40 and His-46 have a
similar structural origin, a more complete structure determination and further information
on operator binding is necessary to establish this with certainty.
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Summary

The work described in this thesis comprises two related subjects. The first part,
chapters 2 and 3, describes methods to derive high-resolution structures of proteins in
solution using two-dimensional (2D) NMR. The second part, chapters 4 to 6, describes
2D NMR studies on the interaction between proteins and DNA.

The protein crambin was chosen as a model system for the determination of protein
structures by NMR. The reasons for this choice are that crambin is small (46 amino
acids) and the X-ray structure has been refined to a resolution of 0.9 A. Since the protein
contains three disulfide bridges it is very stable against thermal denaturation. The NMR
data presented in chapter 2, show that the secondary structure elements of crambin in
solution comprise the same residues as in the X-ray structure. The two a helices are
from residues 7-18 and 23-30, and the antiparallel p sheet is formed by residues 1-4
and 32-35. However, the exchange data of some amide protons observed in solution
cannot be explained by the hydrogen bonds found in the crystal structure.

The assignment of most proton resonances of crambin is outlined in chapter 3.
Based on these assignments a large number of non-sequential NOEs could be
identified which were used in the subsequent structure determination. The intensity of
an NOE is related to the distance between the two protons involved. However, this
intensity can be distorted by spin diffusion. Correction for this is possible by calculating
the full relaxation matrix based on a model. As starting structure in the calculations an
extended peptide chain was used. With the resulting distances a number of structures
were generated by the distance geometry (DG) algorithm. Based on one of the DG
structures, a second correction for spin diffusion was performed. The proton-proton
distances generated in this calculation were used to further refine the DG structure by
restrained molecular dynamics. The structure of crambin in solution closely resembles
the X-ray structure. Also the solution structure cannot account for the deviating
exchange behavior of some amide protons. Possibly, the amide proton exchange is
influenced by aggregation. The stereospecific assignment of many prochiral centres
could be accomplished using J-coupling information and proton-proton distances
obtained from the two-spin approach for the NOE build-up. Once a structure is available,
the assignments can also be made from a comparison of the experimental NOE
intensities with the calculated ones. Since this procedure yields good results it can also
be applied when no J-coupling information is available, i.e. for long side chains and for
larger proteins.

The interaction between the amino-terminal domain of lac represser (lac
headpiece 1-56) and a 22 base pair symmetric lac operator fragment is described in
chapter 5. Since the symmetric operator binds two headpiece molecules, this complex is
among the largest systems studied in detail by NMR. From previous work it was already
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known that the DNA recognition is mediated through a helix-turn-helix motif. In the

complex of lac headpiece and a 14 base pair half operator the orientation of the

recognition helix in the major groove of the DNA is opposite to the orientation found in

the complexes of several other DNA-binding proteins. The protein-DNA NOEs assigned

in the complex of lac headpiece and the symmetric operator, which closely resembles

the wild-type operator, are the same as those found in the complex with the 14 base pair

half operator. Therefore, the smaller complexes with the half operators are a valid model

system for the study of protein-DNA interactions in the lac system.

The assignment of the proton resonances of lac headpiece in a complex with an 11

base pair operator fragment is described in chapter 5. Most exchangeable and

non-exchangeable protons could be assigned in spectra taken for the complex in H2O.

To derive the correct assignment, the chemical shifts of some resonances had to be

followed in a salt titration. Based on the sequential assignment a few new protein-DNA

NOEs could be assigned. Moreover, many new intraprotein NOEs could be identified.

By comparison, most of these NOEs appear to be present in the spectra of the unbound

protein as well. The intraprotein NOEs suggest that the structure of the headpiece

changes slightly upon complex formation. A structure of the protein in the complex was

generated using restrained molecular dynamics. This new structure suggests that the

interactions deduced from genetic and biochemical studies are possible.

The final chapter describes studies of LexA repressor. LexA regulates the levels of

a large number of enzymes that are involved in the repair of DNA damage. Based on

weak amino-acid sequence homology it had been suggested that also LexA contains a

helix-turn-helix motif. The data presented in chapter 6 show that the amino terminal

domain contains three a helices and that helices 2 and 3 are found in the homologous

region. However, the turn between these helices is two residues longer and as a result

the helices are displaced compared with the canonical helix-tum-helix motif. A search

through the Brookhaven Protein Data Bank showed that the bihelical structure found in

LexA is not more closely related to the canonical helix-turn-helix motif than it is to similar

substructures found in other classes of proteins. Recent mutant studies showed that

helices 2 and 3 could be involved in the DNA binding. Therefore, it can be concluded

that LexA uses a different substructure to recognize the DNA than the other

DNA-binding proteins.
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Samenvatting

Het in dit proefschrift beschreven onderzoek omvat twee verwante onderwerpen.
Het eerste deel (hoofdstukken 2 en 3) beschrijft hoe de tertiaire struktuur van eiwitten in
oplossing bepaald kan worden door middel van twee-dimensionale (2D) NMR. Het
tweede deel (hoofdstukken 4 tot 6) laat zien hoe 2D-NMR gebruikt kan worden in het
onderzoek naar de aard van de interakties tussen eiwitten die het metabolisme van de
cel reguleren en het DNA.

Voor het eerste onderwerp is het eiwit crambin gekozen. De redenen hiervoor zijn
dat het een klein eiwit is (46 aminozuren) en dat de kristalstruktuur verfijnd is tot een
resolutie van 0.9 Ä. Het eiwit is zeer stabiel omdat het drie disulfide bruggen bevat. De
resultaten beschreven in hoofdstuk 2 laten zien dat de positie van de secundaire
struktuurelementen van crambin in oplossing hetzelfde is als in de kristalstruktuur. De
twee a-helices worden gevormd door de residuen 7-18 en 23-30, de ß-sheet wordt
gevormd door residuen 1-4 en 32-35. Het uitwisselingsgedrag van een aantal
amideprotonen van het eiwit in oplossing kan niet verklaard worden door de
waterstofbruggen die op grond van de röntgenstruktuur te verwachten zijn.

Hoofdstuk 3 beschrijft de toekenning van vrijwel alle proton-resonanties van
crambin. Op grond van deze toekenning zijn een groot aantal NOE's geïdentificeerd die
de informatie bevatten nodig om de tertiaire struktuur van het eiwit in oplossing te
bepalen. De intensiteiten van de NOE's zijn een maat voor de afstand tussen de twee
protonen. Deze intensiteit kan echter worden verstoord door spindiffusie. Hiervoor kan
worden gekorrigeerd door de volledige relaxatie-matrix te berekenen gebaseerd op een
modelstruktuur. Als beginstruktuur in de berekeningen is een gestrekte eiwitketen
genomen en de gekorrigeerde afstanden zijn gebruikt om Strukturen te genereren door
middel van distance geometry (DG). Een van de DG Strukturen is daarna gebruikt voor
een tweede spindiffusie korrektie en deze nieuwe afstanden zijn gebruikt om de
struktuur verder te verfijnen door middel van moleculaire dynamica berekeningen. De
struktuur van crambin in oplossing, die sterk lijkt op de kristalstruktuur, kan het
afwijkende uitwisselingsgedrag van een aantal amide protonen nog steeds niet
verklaren. Het kan niet uitgesloten worden dat het uitwisselingsgedrag van deze
amideprotonen beïnvloed wordt door aggregatie. Verder wordt in hoofdstuk 3 aandacht
besteed aan de stereospecifieke toekenning van proton-resonanties in prochirale
groepen. Deze toekenningen kunnen worden gemaakt door gebruik te maken van
J-koppelingen en proton-proton afstanden, verkregen uit de twee spin benadering voor
de NOE opbouw. Op deze wijze zijn de toekenningen niet afhankelijk van een model.
Als eenmaal een struktuur, verkregen zonder gebruik te maken van stereospecifieke
toekenningen, voor het eiwit beschikbaar is kunnen de toekenningen ook gemaakt
worden door de experimentele NOE intensiteiten te vergelijken met de intensiteiten die
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zijn berekend op basis van de struktuur. Deze methode levert vrijwel dezelfde resultaten
op. Bovendien is het voordeel dat geen J-koppelingen nodig zijn. Daarom is deze
methode vooral bruikbaar in die gevallen waar geen koppelingskonstanten beschikbaar
zijn, bijvoorbeeld voor langere zijketens en, in het algemeen, voor grotere eiwitten.

Hoofdstuk 4 beschrijft de interacties tussen het N-terminale deel van de
lactose-repressor (lac headpiece. 1-56) en een symmetrisch DNA fragment met een
lengte van 22 baseparen. Dit operatorfragment bevat twee bindingsplaatsen voor het
lac headpiece. Het komplex tussen de symmetrische operator en twee lac headpiece
moleculen behoort tot de grootste systemen die met 2D-NMR in detail beschreven zijn.
Uit eerder werk was al bekend dat lac headpiece een zogenaamde 'helix-turn-helix'
motief bevat. Dit rtruktuurelement wordt ook gevonden in andere DNA-bindende
eiwitten en is verantwoordelijk voor de specifieke interaktie met het operator-DNA. De
oriëntatie waarmee lac headpiece bindt aan kortere operatorfragmenten die slechts één
bindingsplaats voor het headpiece bevatten (halve operatoren) is tegengesteld aan de
oriëntatie gevonden voor andere DNA-bindende eiwitten. De NOE's tussen eiwit en
DNA laten zien dat de oriëntatie van lac headpiece in het komplex met de symmetrische
operator, die sterk lijkt op de natuurlijke operator, hetzelfde is als die in de komplexen
met de halve operatoren. De tegengestelde oriëntatie van lac headpiece die gevonden
is in de komplexen met de halve operatoren is blijkbaar de wijze waarop lac headpiece
aan operator-DNA bindt. Deze kleinere komplexen zijn dus een goed model systeem
om de interacties tussen lac heapiece en operator-DNA verder te onderzoeken.

Hoofdstuk 5 beschrijft de toekenning van de proton-resonanties van het lac
headpiece in het komplex met een halve lac operator die 11 baseparen lang is. Door
het komplex te meten bij verschillende zoutconcentraties, gebruikmakend van
verschillende 2D-NMR technieken, konden zowel de meeste uitwisselbare als
niet-uitwisselbare protonen worden toegekend. Op grond van deze toekenningen was
het mogelijk een aantal nieuwe NOE's tussen het eiwit en het DNA te identificeren
alsmede een groot aantal nieuwe NOE's binnen het eiwit. Deze laatste NOE's zijn
gebruikt om een struktuur van het gebonden lac headpiece te genereren. Deze nieuwe
struktuur laat zien dat de interakties voorgesteld op grond van genetische en
biochemische proeven zeer goed mogelijk zijn.

Het laatste hoofdstuk tenslotte beschrijft studies aan LexA repressor. Dit eiwit
reguleert de produktie van enzymen die betrokken zijn bij het herstel van schade aan
het DNA. Deze beschadingen worden veroorzaakt door straling of carcinogene
chemicaliën. Op grond van de overeenkomstige aminozuurvolgorde van LexA met
andere DNA-bindende eiwitten, werd gesuggereerd dat ook LexA een 'helix-tum-helix'
motief gebruikt voor de DNA herkenning. De resultaten beschreven in hoofdstuk 6 laten
zien dat het N-terminale deel van LexA drie helices bevat. Uit de positie van helices 2
en 3 blijkt dat de 'turn' twee residuen langer is. Dit heeft tot gevolg dat de oriëntatie van
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helices 2 en 3 ten opzichte van elkaar vrij sterk verschilt van de orientatie in het
'helix-turn-helix' motief. De conformatie van het struktuurelement, gevonden in LexA,
komt niet meer overeen met de conformatie van het 'helix-turn-helix" motief dan met
vergelijkbare conformaties gevonden in niet DNA-bindende eiwitten. Uit mutanten
studies is gebleken dat helices 2 en 3 van LexA betrokken kunnen zijn bij de
DNA-binding. Daarom kan worden geconcludeerd dat de LexA repressor een ander
(uniek) struktuurelement gebruikt voor de DNA-binding dan tot dusver bekende DNA
bindende eiwitten.
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