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ABSTRACT. Diphtheria toxin repressor (DtxR) regulates the expression of iron-sensitive genes in
Corynebacterium diphtheriaéncluding the diphtheria toxin gene. DtxR contains an N-terminal metal-
and DNA-binding domain that is connected by a proline-rich flexible peptide segment (Pr) to a C-terminal
src homology 3 (SH3)-like domain. We determined the solution structure of the intramolecular complex
formed between the proline-rich segment and the SH3-like domain by use of NMR spectroscopy. The
structure of the intramolecularly bound Pr segment differs from that seen in eukaryotic prolylpeptide
SH3 domain complexes. The prolylpeptide ligand is bound by the SH3-like domain in a deep crevice
lined by aliphatic amino acid residues and passes through the binding site twice but does not adopt a
polyprolyl type-II helix. NMR studies indicate that this intramolecular complex is present in the apo-state
of the repressor. Isothermal equilibrium denaturation studies show that intramolecular complex formation
contributes to the stability of the apo-repressor. The binding affinity of synthetic peptides to the SH3-like
domain was determined using isothermal titration calorimetry. From the structure and the binding energies,
we calculated the enhancement in binding energy for the intramolecular reaction and compared it to the
energetics of dimerization. Together, the structural and biophysical studies suggest that the proline-rich
peptide segment of DtxR functions as a switch that modulates the activation of repressor activity.

Virtually all organisms require iron for survival, although metal-activated repressors in prokaryot@sthat are struc-
there are a fewl() that require MA" rather than F&. In turally and sequentially distinct from the Fur family of
the Gram-positive bacteria, Fesensing and homeostasis proteins 6, 7). The DtxR-like repressors are frequently linked
are accomplished by a family of proteins that are homologousto the control of virulence factor expression because the host
to the diphtheria toxin repressor (DtXRP). DtxR was first cells generate a growth-limiting low-iron milign vivo for
shown to be the Pé-dependent repressor that controls the the pathogen. When the bacteria’s iron stores are depleted,
expression of the diphtheria toxin i€orynebacterium toxins and other virulence factors are released into the
diphtheriae(3) and is now known to regulate several other surrounding environment, killing the host cells, which then
iron-dependent genes in this organisi §). DtxR is the release their stored iron7,(8). Thus, understanding the
best-characterized member of a family of over 30 related regulation of repressor activity in these proteins is an
important starting point for developing novel strategies for
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Ficure 1: Structure of SH3 and PrSH3 from the diphtheria toxin repressor. (A) Side-by-side stereo ribbon diagram of the minimized
average structure of the unbound SH3-like domain from DtxR. (B) Side-by-side stereo ribbon diagram of the average structure of PrSH3
intramolecular complex. The orientation is identical to that of the SH3 domain shown in panel A. The schematic diagram at the bottom of
the figure shows the organization of the DtxR structural gene, indicating the relationship of the N, Pr segment and SH3 domains. The Pr
segment and SH3 domain are color-coded to match the structure shown in panel B of this figure. (C) Superposition of the SH3 and PrSH3
structures. All figures were generated in Molm6#) and rendered in POV Ray (http://www.povray.org).

dimerization interface 9, 10). The C-terminal domain interdomain coordination in repressor function was recently
(residues A1481226) is structurally homologous to eu- established in DixR1(7).

karyotic SH3 domains1(1—13) and is separated from the The molecular steps involved in activation of repressor
N-terminal domain by a short, flexible proline-rich peptide activity in DixR by metal ions are poorly understood. In the
segment. The physiological ligand is &g although, to absence of metal, the entire N-terminal domain exists as an
varying degrees, DtxR binds and is activated by a range of ensemble of partially ordered conformers in solution, re-
divalent transition metals in vitrd.@), including Mr#*, Co?*, sembling a molten globulel). Binding divalent transition
Ni%*, zr?*, and Cd". The metal-binding site formed by metals triggers a disordered-to-ordered structural transition
residues M10, C102, E105, and H106 (the primary site) is in this domain that increases the affinity for the dimeric state
required for the repressor activity, whereas the metal site (19) and activates DtxR for sequence-specific DNA binding.
formed by residues H79, E83, and H98 (the ancillary site) Previous solution NMR studies demonstrated a binding
is not (15). Residues E170 and Q173 in the SH3-like domain interaction between the proline-rich peptide segment (resi-
complete the coordination sphere of the ancillary site iff€o  dues R125G139; referred to as Pr) and the SH3 domain
activated DtxR 12). A similar interaction is seen in the (A148—L226) (13). This intramolecular SH3Pr binding
structure of the DtxR homologue froriMlycobacterium interaction may regulate the activity of the N-terminal domain
tuberculosis IdeR (@6). The biological importance of this  in a manner analogous to that found in eukaryotic receptor
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tyrosine kinases2Q, 21). Here, we investigate the structural
basis for prolylpeptide binding by this prokaryotic SH3

Table 1: Structure Statistics

domain by determining the solution structure of the SH3 SH3 PrSH3
domain bound to the Pr segment in an intramolecular ~NOE restraints
complex (residues D110L.226; referred to as PrSH3). We itr?tt?a:residue 1;26; 173825
also show that this structure is present in apo-DtxR and that  medium range 49 280
it contributes to the observed stability of the N-terminal long range 128 265
domain. ¢ angle restraints 34 79
hydrogen bond restraints 29 29
RESULTS avcta(;?ag?e energies (kcal/mol) 137413 ph0L 25
Residues A148L.226 Form an Unusual SH3-like Domain. Eﬁ%s %i i ngl4
Previous structural studies of the C-terminal domain from angles 33t 3 56+ 7
DtxR contained a portion of the Pr segment (residues N130 improper 3+1 5+2
G139) that was preceded by a hexa-histidine tag, which lead Ram;/(:a\g]dran plot 8T+ 14r+14
to oligomer formation in solutionl@). To more fully explore most favored 63 59
ligand recognition and binding in this domain, the partial Pr allowed 28 29
segment and the affinity tag portion were removed and, generously allowed 6 9
starting from residue D144, the structure of this construct bafg;gﬂg;?i%% 1674037 124t 0.50
was solved. The structure of the SH3 domain consists of Six g g-strands 0.76 0.15 0.60+ 0.31

pB-strands that form two partially orthogonal antiparallel

p-sheets that are connected by two long loops (Figure 1a)'seen in residues V152A155 of the SH3 domain are not
T2e|gr28i[_ﬁ E;;ft IS Corznpé)fgg_?; fé;a”ﬂi_(vhl&_thﬁg)é formed in PrSH3, and (2) a helical turn is seen for residues
ﬁotﬁ ehoets )Tﬁgfecg Ganeet is)é(‘)"’m;)"osf  Shared by A155-T157 in PrSHS that is not observed in SH3. These
i . changes are presumably due to restrictions placed on the
p2 (E194-R198) 3 (H201-H206), andB4 (K209-1213). backbone conformation to accommodate binding of the Pr

A single-turn 3o helix (al; residues V152-A155) precedes segment. Th@-strands of the bound structure superimpose

1. Along loop containing an-helix (a2; residues Q178 on the unbound structure with 0.87 A root-mean-s
. - -square (rms)
D184) connects strangl andf2. Strands54 andf5 are deviation for the backbone heavy atoms, indicating that

connected by a short loop of nonregular secondary structure.Iigand binding does not alter the core of the structure. In
Interestingly, the hydrophobic core is formed almost entirely contrast to the-sheets, helixu2 is moved away from the
by the side chains of aliphatic residues V152, A155, A156, : by 5.3 A,t date the ligand. which
V163, 1165, L182, A185, 1187, V193, 1195, 1204, V211, Protein core by =.3 A to accommodate the ligand, whic
’ ’ ' ’ ' ’ ’ » Yo+ occupies approximately the same placerdsn the uncom-

L213, 1217, A2.18’ 'Z?L and 1223. Ther_e are no tyrosine or plexed protein (Figure 1c). Finally, the rms deviation of the
tryptophan_re5|dues in the SH_?’ _doma'n’ and, of the WO hackbone atoms in the 13 lowest energy structures is higher
phenylalanines, only F179 participates in the hydrophobic for PrSH3 than for the uncomplexed domain (Table 1).
core. ) . The proline-rich peptide segment (residues R124 39;

Residues D116L226 Form a Monomeric, Intramolecular RSPFGNP”DGLDELG) does not form the left-handed po|yp|’0_
Complex.The PrSH3 construct is monomeric in solution, as |y| type Il (PPII) helix seen in ligands of eukaryotic SH3
demonstrated using several different and complementarygomains; instead the prolylpeptide region adopts an extended
experiments. First, there was essentially no change in theconformation when bound to the SH3-like domain (Figures
'H and N resonance frequency of backbone amides for 1p and 2a). It is unlikely that this unusual bound conforma-
residues involved in ligand binding over a 10-fold concentra- tion reflects an inherent limitation in the ability of this peptide
tion range (10QuM to 1 mM; see Supporting Information o adopt a left-handed PPII helical conformation. PPII helix
Figure 1). Second, no NOEs were detecte@if“C half-  formation is not restricted to proline-rich peptide sequences;
filtered NOESY spectra2?) collected on an equimolar  peptides that lack prolines can form PPII helic24)(Indeed,
mixture of *C-labeled and unlabeled PrSH3 (not shown). the intramolecular proline-containing peptide ligands for Src
Third, PrSH3 migrated as a single band on native polyacry- and other receptor tyrosine kinases contain a single proline
lamide gels with an apparent molecular weight consistent residue, yet they form PPII helices when intramolecularly
with  monomeric protein, and fourth, the self-diffusion bound to their SH3 domaingQ 21) Synthet|c peptides
coefficient measured by NMR spectroscog@lonalmM  corresponding to the Pr segment of DtxR adopt a conforma-
sample was 1.06 10-° cr?/s (not shown). This corresponds tion that is consistent with the PPII helical structure in
to a hydrated molecular mass of 16.4 kDa, which is in good so|ution based on their far-UV CD spectra (data not shown).
agreement with the predicted (unhydrated) mass of 15.3 kDa.Therefore, bound conformation adopted by the Pr segment
These results, together with the structural data, indicate thatresylts from specific interactions with the SH3-like domain.
the PrSH3 construct forms an intramolecular complex. The peptide ligand is buried in the hydrophobic core of

Structure of the Intramolecular CompleXhe overall the protein (Figure 1b). The ligand enters into the binding
architecture of PrSH3 is similar to that of the unligated SH3 pocket, turns nearly 18@o make contacts within the binding
domain (Figure 1b). Both contain fiv8-strands with an pocket of the SH3 domain, and then forms additional contacts
a-helix (residues T186D184) in the loop connectingl with the SH3 domain away from the primary binding pocket.
andp2. The differences between the “bound” and “unbound” The proline residues P131 and P133 each make multiple
states are that (1) the shgtistrand and single-turn helix  contacts with the side chains of aliphatic residues within the
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Ficure 2: The Pr segment binding pocket in the DtxR SH3-like domain, shown in side-by-side stereo. Backbone and the side chain bonds
of the ligand residues (P121.135) are shown in red, while the side chain bonds of residues from the SH3-like domain that form contacts
with the ligand are indicated in gold.

hydrophobic core of the SH3-like domain (Figure 2). P133 observed heats of dilution of the peptide to a second-order
is contacted by residues L182, 1187, V211, L217, and 1221, polynomial and used this to correct the raw peptide binding
while P131 interacts with V193 and H206. The side chain data 8, 29). The corrected binding isotherms (Figure 3b)
of residue L204 is packed between the P131 and P133 sidewere fit to the single-site Wiseman isother80), yielding
chains. The additional contacts between the ligand and thean apparent equilibrium dissociation constant of 7438()
SH3-like domain involve the methyl groups of residues V112 uM and an apparent enthalpy of bindingH?2"") of —1.13
and V152, 1153, A156, and 1202. There is an apparent (£0.02) kcal/mol at 25C. Mutating any of the prolines in
Coulombic interaction between the side chains of R125 and the synthetic peptide to alanine essentially abrogates binding
D210 and E212, which constitute a patch of negative (Table 2). There was no binding to proline-rich synthetic
potential at the top of the binding site. This interaction may peptides known to adopt a left-handed PPII helical structure
be analogous to the interaction between the Arg side chainin complex with eukaryotic SH3 domains (peptide se-
and a conserved acidic side chain in the RT loop observedquence: RPFGPPLP and PFGPPLPPR; data not shown).
in complexes of high-affinity prolyl-peptides and eukaryotic ~ Proline Mutants Still Form the Intramolecular Complex.
SH3 domains that orients the ligand to bind in one of two The Pro— Ala mutants had a less dramatic effect on
binding configurationsZ5). formation of the intramolecular complex when introduced
Ligand Binding Energeticslo explore the validity of the  into the PrSH3 construct than was observed with the synthetic
structural model derived from the NMR data, we investigated peptides, although the results are qualitatively consistent with
the intermolecular ligand binding energetics of synthetic the intermolecular binding study. Specifically, mutating the
peptides binding to the SH3 domain construct using isother- proline residues to alanine resulted in modest changes to the
mal titration calorimetry (ITC). Synthetic peptides corre- backbone'H and*®N chemical shifts of the residues lining
sponding to the proline-rich peptide segment (residuesthe binding pocket (Figure 4). The P127A and P131A
R125-G139) were added to a solution containing the mutants had a relatively modest effect on binding, whereas
unliganded SH3 domain, and the temporal heat evolution the P133A mutant was more perturbing. A mutant in which
was measured. A typical titration for the wild-type peptide, V211 and L213 in the SH3 domain were simultaneously
pl, is shown in Figure 3a. The data show an initially weak mutated to Ala failed to adopt a folded structure.
exothermic binding that increases in magnitude (becomes PrSH3 Structure Models the Interdomain Interactions in
more exothermic) with increasing ligand concentration. ApoDtxR.We investigated whether the SH3 domain formed
Separate control experiments showed large exothermic heats&n intramolecular complex with the Pr segment in full-length
associated with titration of the peptide into phosphate buffer apoDtxR by comparing the resonance frequency of backbone
in the absence of SH3, which suggested that the peptide wasH and >N resonances observed in high-resolution HSQC
aggregating in the highly concentrated stock solution (see spectra of apoDtxR, PrSH3, and SH3. If the intramolecular
Methods). Far-UV circular dichroism studies indicated a complex was formed in apoDtxR, we reasoned that the
concentration-dependent change in peptide structure. Plotgesonances of PrSH3 would be similar to that of the SH3
of the molar ellipticity at 210 nm as a function of peptide domain resonances of apoDtxR. If the complex was not
concentration indicated self-associati@g)(of varying orders present, or if there were other domaitiomain interactions,
for the different peptides investigated (data not shown). then the SH3 domain resonances of apoDtxR would resemble
Furthermore, binding experiments performed in Tris buffer the resonances of SH3 domain or be different from both SH3
revealed that peptide binding was also linked to changes inand PrSH3. Figure 5 shows the chemical shift differere® (
the protonation of one or more ionizable grouy)( for SH3 domain resonances of apoDtxR compared to these
possibly that of H206. Due to the complications associated two constructs. As shown in the figure, there are latge
with deriving exact thermodynamic quantities for binding values observed between apoDtxR and SH3. The average
in the presence of ligand aggregation and proton linkage, Ao value was 18 Hz (digital resolutiosn 7 Hz), and~30%
we adopted a phenomenological approach of fitting the of all resonances were similar within the digital resolution
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Ficure 3: Isothermal titration calorimetry of p1 peptide binding
to the SH3-like domain. (A) Integrated heats obtained upon addition
of peptide pl to SH3 (solid circles) and to buffer (open circles).
The buffer heats were fit to a second-order polynomial (solid line)

o4
w-

that characterizes the concentration dependence of diluting the

peptide into the calorimetry cell. (B) Integrated heats evolved for
titration of p1 peptide, corrected for the heats of peptide dilution.
The corrected data are fit to the single-site binding isotherm defined
by Wiseman 80) (solid line).

Table 2: Thermodynamics of Prolylpeptide Binding to SH3

Peptide Sequence K2, uM AH*®, kcal/mol AS*P cal/mol.K
p1 RSPFGNPIPGL 740 £20 -1.13+£0.02 10.50 + 0.02
p2 KARRE AR AR 2300 + 20 -0.90 £0.02 9.10+0.01
p3 P T _ND-t
p4 ok k ok Kok ok ok [k K -ND-t

aND: no binding detected under conditions used for the titration.
This indicates that the equilibrium dissociation constant is greater than
3 mM. All experiments were performed at 26.

of the two spectra. On the other hand, thé values for
apoDtxR and PrSH3 were smaller (averagevalue= 11

Hz with >60% of the resonances similar within digital
resolution). Similar chemical shift changes were observed
by introducing DtxRASH3 to!*N-labeled SH3 (not shown).

Wylie et al.

P127A

" 60

40

20

L L L LA AL L

B. 60

40

AS, Hz

20

L4 LI L L LB L B
T I NI T O B I

P133A

192 206 219

T 60

136 169

40

20

120

140 160 180 200 220

residue number

Ficure 4: Chemical shift difference plots comparing the effect of
Pro — Ala mutations in the PrSH3 complex. (A) P127A, (B)
P131A, and (C) P133A. The shift differencesd) were calculated

as described in Materials and Methods. The horizontal dashed line
indicates the limit of the digital resolution for each spectrum.
Residues exhibiting large changes in backbone chemical shift in
P133A include D136, N169, E192, H206, and H219. These latter
three residues are indicated by asterisks in P131A and P127A. Q173
is also indicated in P127A.
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Ficure 5: Chemical shift difference plots comparing the SH3
resonances in the full-length wild-type protein to that of the SH3
(A) and PrSH3 (B) constructs. The shift differencesd] were
calculated as described in Materials and Methods. The horizontal
dashed line indicates the limit of the digital resolution for each
spectrum. The residues exhibiting the largest change in chemical
shift in PrSH3 are indicated by A146, D186, E192, H206, D216,
and 1221. These same residues are indicated by an asterisk in the
plot for SH3.

between the two domains of apoDtxR in solution. Further-
more, the similarity in the SH3 domain chemical shifts
suggests that the PrSH3 structure determined here is a good
model for these interactions.

Interdomain Contacts Contribute to the Stability ApoDtxR.
The significance of the intramolecular interdomain contacts
between the SH3 domain and the N domain was investigated
by measuring isothermal equilibrium denaturation profiles
of wild-type full-length protein and several mutants. DtxR
contains a single tryptophan (W104) that is near the primary
metal-binding site and at the dimerization interface. The
integrated fluorescence intensity of W104 was measured as
a function of increasing urea concentration and transformed
into the fraction unfolded (Figure 6). ApoDtxR exhibits a

These results suggest the presence of interdomain interactionfinear change in fluorescence that plateaus ats M urea.
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there is reduced repressor activity when either P127 or P133

. 11112

10 : is mutated to alanine. The P131A mutation had minimal
E 0.8 effects on repressor activity. Dtx¥8H3 was substantially
S less active than either wild-type DtxR or DtxR(E170A,-
] 06- Q173A).
o
§ 044 DISCUSSION
[T

Comparison to Eukaryotic Prolylpeptide-Binding Do-
mains.Prolylpeptide binding is an essential component of
many signal transduction and macromolecular assembly
pathways in eukaryotes, and a number of modular domains,

[Urea], M including SH3 domains, have evolved to accomplish this
FIGURE 6: Isothermal denaturation profiles for wild-type and four tas.k' Although these various .domams have unrelated amino
mutant constructs of apoDtxR. The data represent the averages ofCid sequences and adopt different structures, they exhibit
a minimum of two independent determinations. Symbols: The solid common features that are involved in prolylpeptide binding.
lines are for wild-type ©) and DixRASH3 (0); dashed lines are  First, the peptide binding surface is formed by conserved
for P127A @), P131A @), and P133A 4). aromatic amino acid side chains that pack against and make
specific contacts with the prolylpeptide ligand, including
hydrogen bond formation with backbone carbonyl groups

0.2

0.5 15 25

Table 3: Repressor Activity in DixR Mutants

construct activity in the ligand. In SH3 domains, the hydrogen bond donor is
wild-type 0.13+ 0.02 typically the indole hydrogen of a conserved tryptophan
P127A 34.0+£2.4 residue 25). Second, the ligand adopts a left-handed
P131A 1.8+0.1 polyproline type Il (PPII) helix, which is capable of forming
P133A 35.6+ 5.2 2 : o o
DIXRASH3 244+ 2.8 similar contacts with the binding pocket whether it is bound
Q173A/E170A 9.6+ 1.0 in an N— C or C— N orientation. The binding orientation

a Activity reported as percent of contr@i-galactosidase activity ?‘dolote‘?' by individual peptides i_S determingd by eleCtrOStat.iC
determined in a strain carrying a plasmid that lacks the DtxR structural interactions between ligand residues flanking the PPII helix
gene. and protein residues located in flexible loops positioned on

either side of the binding pocke8%?). SH3 domains bind
In the absence of stable tertiary structure in the apo-protein, peptide ligands with a relatively high specificity and moder-
there is no pretransition baseline. In contrast, the denaturationate binding affinity (equilibrium dissociation constants in the
profile for metal-activated DtxR exhibits an extended pre- range of :-100uM) (33). Furthermore, binding specificity
transition region with a denaturation midpoint-eb M urea and affinity is enhanced through interactions with residues
(V. Marin and T. Logan, unpublished). The denaturation adjacent to the PPII helix in the three-dimensional structure
profile for apoDtxR is clearly not two-state. A semiquanti- of the ligand £5). Indeed, SH3 domains can bind “nonca-
tative comparison of the isothermal denaturation profiles of nonical ligands” in the same binding site as that of high-
several mutants was made by determining the urea concenaffinity canonical ligands20, 34—38), indicating that the

tration at the midpoint of the profile. Figure 6 also shows
the isothermal denaturation profile of the apo form of
DtxRASH3 (residues MiN142), which lacks the SH3
domain. In contrast to the full-length apoDtxR, the dena-
turation profile of DtixRASH3 exhibits a slight pretransition
baseline with a denaturation midpoint 6f1.15 M urea,
compared to 0.6 M for the wild-type protein. The increased
stability of DtxRASH3 is consistent with a higher fraction

binding site in the SH3 domain fold can accommodate a
range of sequences and structural interactions.
Prokaryotic signaling pathways are based on a set of
modular proteins that is essentially nonoverlapping with those
found in eukaryotes3Q). Of the few examples of SH3-like
domains identified in prokaryotic organisn®( 41), none
have been demonstrated to bind proline-rich peptides or to
participate in signal transduction. Therefore, it is interesting

of dimer found for this protein in native gel electrophoresis to compare ligand binding by the prokaryotic DtxR SH3
experiments and the greater number of dispersed resonancedomain to the eukaryotic SH3 domains. The ligand is bound
of HSQC spectra compared to DtxR (data not shown). The in a similar topological region, namely, between fheand-
denaturation profiles for the three Pre Ala mutants are  wich structure and the loop connecting strap@sandf3,
shown in Figure 6. Although there is some scatter associatedbut the conformation of the bound ligand and the chemical
with the profiles, the midpoint of the denaturation profiles nature of the binding pocket differ considerably from that
of P127A, P131A, and P133A (0.75, 0.85, and 0.95) is of eukaryotic SH3 domains. The most obvious difference is
bracketed by those of full-length and DtARSHS3. that the ligand does not form a PPII helical structure when
An Intact Pr Segment Is Required for Repressor Function. bound to the protein surface. Instead, the ligand adopts a
Repressor activity was measured using an in vivo assay inmore extended conformation and is buried in the hydrophobic
which the expression ¢f-galactosidase is under the control core of the domain. The proline residues may serve to kink

of a hybridtacPtoxOpromoter/operator3(l). Metal-activated
DtxR represses expression/@falactosidase, although this

the chain into a hairpin-like conformation that allows
additional contacts with the SH3-like domain. The SH3

repression can be relieved by the addition of the transition domain from BP53 also binds its ligand, the L3 loop of

metal ion chelator 2;dipyridyl to the growth medium3Q1).

ankyrin, in a hairpin conformation, but the ligand binds to

As summarized in Table 3, wild-type DtxR is able to repress the surface of the SH3 domair86) rather than in the

completely the expression ¢gi-galactosidase. In contrast,

hydrophobic core. The binding mode seen in the DtxR SH3
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domain requires large structural changes to accommodatewith other physiological binding processes. Since the inter-
the ligand, in contrast to the small structural changes molecular binding of the Pr segment is quite modest, we
observed in prolylpeptide binding by eukaryotic SH3 do- estimated the effective concentration of the Pr segment for
mains @2). intramolecular binding by the SH3 domain by modeling the
The novel binding mode of the DtxR SH3 domain is also intervening loop of amino acid residues as a wormlike chain
reflected in the energetics of ligand binding. The DtxR SH3 (48). Taking the distance between the.@tom positions of
domain binds a synthetic peptide corresponding to its naturalresidues L138A148 as the endpoints of the loop (17.7 A)
ligand with only modest affinity 740 uM) compared to and 3.04 A as the distance betweea &oms of adjacent
the affinity of eukaryotic SH3 domains for optimized monomers in this chair) yields an effective concentration
polyproline ligands{£1—100uM (33)). Additional binding of 23 mM for the Pr segment. In practical terms, this
interactions between the ligand and residues outside of theenhances the fraction bound by a factor of 1.70 over
binding pocket are observed in Hck SH3 domain that serve intermolecular binding of the same ligand at 1 mM free
to substantially enhance affinity and specificig3]. A concentration. Put another way, the intramolecular nature of
similar situation exists in the DtxR SH3 domain, where the the binding reaction lowers the apparent equilibrium dis-
ligand makes two passes through the binding site, and thensociation constant of the Pr segment from the SH3 domain
makes additional contacts away from the binding site. Theseto approximately 32:M, which is in a range to effectively
additional contacts may contribute to binding affinity in the compete with activation by metal ions.
native construct, as we observe enhanced binding between The intramolecular enhancement also provides an explana-
the SH3 domain and DtxRSH3 Kq4 ~ 1.5uM; V. Marin tion for the apparently larger effect of the ProAla mutants
and T. Logan, unpublished). The identification of chemical in the intermolecular peptide binding experiments relative
shift differences between full-length DtxR and PrSH3 further to that of the intramolecular complex formation experiments.
suggests that additional interactions are occurring in the The intermolecular peptide binding experiments indicate a
native protein that are not completely identified in this substantial change upon substituting Ala for either of the
simplified model system. Pro residues, whereas the effects are minimal when the
The DtxR ligand binding pocket is composed almost mutations are introduced into the PrSH3 complex. Using the
entirely of aliphatic hydrophobic groups rather than aromatic parameters above, changing the binding affinity by a factor
amino acids found in eukaryotic SH3 domains and in other of 2 for the synthetic peptides (as seen in the p2 peptide)
PPII-binding domains. Aliphatic amino acids are less polar decreases the fraction bound of from 60% to less than 30%,
than aromatic amino acids. Consequently, the thermodynam-which is beyond the sensitivity of the ITC experiment. In
ics of binding by the prokaryotic SH3 domain are different contrast, changing the affinity by a factor of 2 for the P127A
than that of eukaryotic SH3 domains. For peptides that PrSH3 mutant decreases the fraction bound from 97 to 75%,
readily adopt a PPII helical structure in solution, binding to resulting in a relatively modest change in the observed
eukaryotic SH3 domains is enthalpically driven and is backbone chemical shifts compared to the wild-type PrSH3
unfavorable entropically4d, 45). The favorable enthalpy of ~ construct.
binding in eukaryotic SH3 domains reflects (1) the participa-  Insight into DtxR RegulationThe molecular mechanism-
tion of a conserved Coulombic interaction between an Arg (s) by which metal binding activates repressor activity in
residue on the ligand and an acidic group on the RT loop of DtxR and its homologues is unknown, in large part because
the SH3 domain, and (2) the higher polarity of aromatic as the disordered structure of the apo-repressor has frustrated
compared to aliphatic amino acid side chaih®) (Recently, detailed structural characterization of this state. This study
however, it has been pointed out that PPII helix formation clearly points to the SH3 domain of DtxR as playing an
upon binding substantially contributes to the energetics andimportant role in this process.
that binding peptides already in the PPII conformation may  In the holo-repressor, the SH3-like domain contributes two
be entropically driven47). In contrast, the DixR SH3 domain  coordinating ligands to the ancillary metal-binding site.
does not bind a peptide that adopts a PPII helical structureRecent studies indicate that coordination of metal in the
and binds the internal proline-rich peptide segment with ancillary site by the side chains of the residues E170 and
favorable AS**P and neutralAH?2PP (Table 3). TheAS¥? of Q173 in the SH3-like domain is required for full repressor
binding by the DixR SH3 domain indicates changes in the activity (17). The decreased repressor activity of Dix&H3
ligand configurational entropy, as well as the greater releasereported here confirms and extends these observations. The
of waters from the large nonpolar surface of the aliphatic results presented here also indicate the importance of an intact
binding pocket than is observed in the eukaryotic domain. Pr segment for repressor activity. P127 and P133 make
The observed intermolecular peptide binding affinity significant stabilizing contacts with the N domain, and, in
measured for the DtxR SH3 domain is similar in magnitude particular, interact with the residues in and near the ancillary
to that observed for intermolecular binding in the Tec kinase binding site in the active, holo-repressor. P131, on the other
SH3 domain 88). The weak intermolecular binding in Tec hand, is directed away from the N domait?). Repressor
kinase is substantially enhanced in the intramolecular activity is reduced in the P127A and P133A mutants relative
complex, and a similar effect is observed for the PrSH3 to wild-type, whereas the P131A mutant is essentially the
complex of DtxR. While it is possible that the intermolecular same as wild-type. Thus, the repressor assay data report on
ligand may bind in a manner that differs from that of the the structural and functional integrity of the activated state
intramolecular ligand in both of these proteins, it is more and not on the interactions present in the inactive apo-
likely that the weak intermolecular binding observed for repressor that are modeled by the PrSH3 structure. In
model peptides reflects a fine-tuning of the actual intramo- contrast, the intermolecular peptide binding studies and the
lecular binding affinity to a level that effectively competes effects of the Pro— Ala mutants on the PrSH3 chemical
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shifts reflect interactions that occur in the apo-repressor and F128
can be interpreted from the PrSH3 structure.

The structure of the PrSH3 intramolecular complex
demonstrates that domaidomain interactions are present
in apoDtxR, and that these interactions are different from
those seen in the holo-protein. The intramolecular binding
of Pr segment by the SH3-like domain may contribute to
repressor activation. The Pr segment binds to the back of
the three helices in the N domain that form the dimer
interface 9, 10), making numerous hydrophobic contacts and
stabilizing the active form of the repressor. If these stabilizing
interactions were diminished due to competitive binding of

the Pr segment between th_e N and SH3 dome,li,ns in the a_pO-FIGURE 7: Superposition of the Pr segment in the active (light gray)
repressor, then the N domain would be destabilized, possiblyand inactive (dark gray) states of DtxR. The structure of the Pr
to the point of molten globule formation, as observed in segment in the active state is the crystal structure 8f @ativated

solution for the apo-proteirLl). The intramolecular binding ~ DtxR (1cOw); the structure in the inactive state is from the NMR

. tructure presented here. The side chains of residues P127, F128,
between the SH3 domain and the Pr segment has not beerﬁllso, P131, and P133 are indicated. When the backbone atoms of

observed in crystal structures of apo DtxR because theese residues are superimposed and fixed with respect to each other,
process of crystallization biases the conformational averagingit is apparent that the C-terminal portion of the Pr segment adopts
toward more compact states that resemble the conformationrelatively similar conformations in the active and inactive states,
of the active repressor. On the other hand, the backbone Nwhereas the conformation of the N-terminal part of the Pr segment

; : T L _ changes by approximately 180This is due primarily to changes
and HN Chem'cal shifts of the SH3-like domain in full Iength in they angle of residues G129 (78.4ctive state;-149.7 inactive
DtxR differ considerably from those of the free SH3 domain  sate) and 1132 67.0° active state; 148%inactive state). The
and more closely resemble those of the intramolecular changes in these backbone angles effect a substantial movement
complex. By complexing the Pr segment in the apo-state of of the Ser126 and Asn130 side chains from the inactive to the active
the repressor, the SH3-like domain would increase the barrier’orm of the repressor.

for forming the activated state, altering the inactiaetive o o ) "
equilibrium toward the inactive state. From a simple com- The equilibrium constant(s) for binding divalent transition

petitive binding model, we estimate that this intramolecular Metal ions by DtxR has not yet been accurately determined,
binding may increase the concentration of inactive form by but is thought to be in the low micromolar randed), which

an order of magnitude, dramatically affecting repression by compares favorably with the amount of free?Fén vivo
DixR. (50). Using these parameters, the intramolecular binding of

Intramolecular binding of the Pr segment may also serve PT Ségment by the SH3 domain can compete favorably with
to localize the SH3-like domain in a conformation to preform this binding to yield effective regulation of DtxR. Thus, it
the ancillary metal-binding site. By binding to the Pr aPpears that the Pr segment funptlons asa mplecular switch
segment, the SH3 domain is localized near the residuesthat aids in converting the inactive to the active repressor.
forming the ancillary site, effectively increasing the affinity When the Pr segment is bound to the SH3 domain, the
of E170 and Q173 for coordination of the metal. In the metal '€Pressor is in the “off” state, whereas when the Pr segment
bound form, the Pr segment backbone adopts a substantially2"d metal ions are bound to the N domain, the repressor is
different conformation from that seen in the PrSH3 complex SWitched “on”. The high sequence homology between DixR
(Figure 7). The side chains of Ser126 and Asn130 stabilize 21d its homologues suggests that a similar regulatory scheme
the active state of the repressag). in PrSH3 the side chains ~ CPerates in these related proteins, as well.
of these residues are orignted in the oppositt_e dire_ction andMATERIALS AND METHODS
could not form the same interactions as seen in active DixR.

This conformational change essentially prevents the simul- Protein Expression and PurificationExpression and
taneous binding of the Pr segment by the N and SH3 purification of the SH3 domain was performed as described
domains. Thus, the Pr segment dissociates from the SH3-previously (3). The gene for the PrSH3 construct was
like domain and binds tightly to the N domain, stabilizing generated via the polymerase chain reaction using a forward
the active dimer form of the repressor. primer (B-ATTATTCATATGGACGAAGTTGAACGCAG-

A schematic model for DtxR activation that incorporates GC-3) that coded for arNdd restriction site and residues
these ideas is shown in Figure 8. In the weakly dimeric apo- D110 to R115 of intact DixR, which was used as the
repressor, the SH3-like domain binds to the Pr segment andtemplate. The reverse primer{BATGGATCCTCATTA-
the N domain adopts a partially ordered, molten globule GAGTTCTTCGATACG-3) contained nucleotides coding
conformational ensembld®). Because of restraints imposed for residues 12231226 of DtxR, two stop codons, and a
by the backbone geometry of the residues that tether the twoBanH]| site. The doubly digested PCR product was ligated
domains, the SH3-like domain is constrained to be close to into similarly digested pET-15b plasmid (Novagen, Madison,
the N domain. Upon activation by divalent transition metal WI) and transformed into BL21(DE3) cells for protein
ions, the N domain folds into a more ordered conformation expression.
and increases its affinity for dimerization (for clarity, the Uniformly labeled samples dfN/*3C of SH3 and PrSH3
dimerization step is not shown in the figure). In this state, were expressed in BL21(DE3) grown in M9 minimal
the SH3-like domain is dissociated from the Pr segment andmedium containing 1 g/L of°*NH,CIl and 2 g/L [U+Cg]-
helps to coordinate the ancillary metal. glucose, induced with isopropylthiogalactoside (final con-

P127
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apo repressor holo repressor

Ficure 8: Schematic diagram indicating the role of interactions between the SH3-like domain and the Pr segment during the activation of
DtxR. In State 1, the Pr segment is bound by the SH3-like domain in a structure that resembles that determined in this work. This state may
function to localize the SH3 domain in a conformation that favors subsequent metal binding to the ancillary site and/or it may serve to
minimize binding of the Pr segment to the N domain, effectively increasing the concentration of the inactive repressor. Metal binding
(represented by the solid circles) effects a disordered-to-ordered conformational change in the N domain. During this transition, the SH3-
like domain dissociates from the Pr segment and coordinates the ancillary metal. In the active state of the repressor, the Pr segment is
bound by the N domain.

centration~0.4 mM) and harvested by centrifugation. The standard sequences and parametgt¥ iovolving gradient
cell pellet was resuspended in binding buffer (50 mM coherence selection and sensitivity enhancement iASNhe
potassium phosphate containing 5 mM imidazole, 0.5 M dimensions. Sweep widths (and number of complex points)
NaCl, pH 7.5) and lysed by passage through a high-pressurewvere 8333.33 Hz (512), 1650.0 Hz (40), and 7649.9 Hz (64)
cell. The debris was pelleted, and the supernatant was appliedor H, N, and**C dimensions of the HNCACB, CBCA-
to an immobilized metal affinity column, which was pre- (CO)NH, and C(CO)NH-TOCSY experiments. A sweep
equilibrated in five column volumes of binding buffer. width of 6250 Hz was digitized by 128 or 96 complex points
Protein was eluted by using 50 mM potassium phosphatein the indirect proton dimensions of the 3EN-separated
containing 0.50 M NaCl and 0.50 M imidazole at pH 7.5. NOESY-HSQC (100 ms mixing time), 3B°*C-separated
The pH was lowered to 6.5 for fractions containing recom- HMQC-NOESY (140 ms mixing time), and HCCH-TOCSY
binant protein, and the histidine tag was removed by (18.6 ms mixing time at 8.7 kKB, field strength) experi-
digestion with thrombin (0.1 U per 1 mg of protein) at room ments, respectively. An additional 3fN-separated NOESY-
temperature for 16 h, or fo4 h at 37°C in a dialysis HSQC spectrum with 140 ms mixing time was collected at
membrane (6000 molecular weight cutoff) to allow separation 720 MHz using sweep widths that were scaled proportionally
of the cleaved histidine tag. The digestion reaction was to Bo. Assignments for aromatic amino acid side chains were
stopped by addition of phenylmethylsulfonyl chloride, eth- obtained as described previous§?). Slowly exchanging
ylenediamine tetraacetate, and ethyleneglycol tetraacetatehydrogens were identified from a 2B1,*5SN HSQC spectrum
each at 10xM final concentration. In some cases, the excess collected 24 h after transferring the sample into 1003 D
thrombin was removed by use of cation exchange chroma-buffer. The backbone torsion angkg, was determined for
tography (CM-52) in the 50 mM (10 mM) potassium residues exhibiting well resolved amide resonances by using
phosphate, pH 6.5, for SH3 (PrSH3). Both SH3 and PrSH3 the HNHA-J experiment53). All spectra were processed
eluted in the flow-through. The cleaved protein was con- using nmrPipe §4) and analyzed using NMRView5)
centrated to +2 mM. Protein concentration was determined software packages.
using the Coomassie Plus Protein Assay reagent (Pierce Structure Calculationsinterproton distances were esti-
Chemical Co., Rockford, IL) using bovine serum albumin mated from cross-peak intensities in the heteronuclear
as a standard. NOESY experiments. NOE intensities were categorized as
Peptide Synthesis and Purificatiohhe peptide syntheses strong (1.8-2.8 A), medium (1.8-3.5 A), weak (1.8-4.5
were performed at an in-house facility at Florida State A), or very weak (1.8-5.5 A) using utilities provided within
University. All peptides were synthesized by solid-phase NMRView. Pseudo atom and proton multiplicity corrections
peptide synthesis using F-moc chemistry protocols. Suitablewere performed as describegh. Hydrogen bond restraints
orthogonal protecting groups were utilized for arginine, were applied as two distance restraints of-23% and 1.5
glutamine, and aspartic acids. Peptides were cleaved from2.8 A for the N-O and H-O internuclear distances,
the resin using 95% trifluroacetic acid (TFA), 2.5% trim- respectively. Backbong-angles were restrained t6120°
ethylsilane (TMS), and 2.5% water. Crude peptides were 4 30° for residues havingJunpa > 8 Hz and to—60° &
extracted by ether precipitation, purified by use of C-18 30° for residues havingdunna < 5.4 Hz. These data, along
reversed-phase chromatography, and characterized by use ofith Co. and @3 chemical shifts, were used as input for
matrix-assisted laser desorption ionization mass spectrometrystructure calculations based on a simulated annealing protocol
NMR Data Collection and AnalysiBrotein samples were  with torsion angle dynamics{¢) within the CNS package
prepared for NMR in 10 mM potassium phosphate with 10% (58). Hydrogen bond and dihedral restraints were combined
D,0, 0.1 mM PMSF, 0.4% EDTA, 0.4% NaNand 0.56 with the NOE restraints in the later stages of structure
mM 2,2-dimethyl-2-silopentane-5-sulfonate (DSS) as a chemi- refinement. A total of 100 initial structures were calculated
cal shift reference. NMR experiments were collected at 30 for SH3 of which 64 showed no restraint violations greater
°C on a 500 MHz Varian Unitplus spectrometer equipped than 0.5 A and % From these, the 20 lowest energy
with pulsed field gradients and waveform generators by using structures were refined further by Cartesian dynamics with



Prolylpeptide Binding by a Prokaryotic SH3 Domain Biochemistry, Vol. 44, No. 1, 200519

slow cooling from 300 to 50 K over 10 ps, followed by NMR Spectroscopy of Mutant PrSHZD 'H,**N-HSQC

conjugate gradient energy minimization. The nonbonded spectra were collected for the four PrSH3 mutants using

interactions were modeled using a modified repulsive spectral conditions identical to those used for wild-type

potential £9). The long loops in PrSH3 complicated PrSH3 and DtxR (see above). Changes in chemical shift were

structure refinement. From a total of 100 initial structures, calculated asggd)

only 40 showed no restraint violations as above, and of these,

the lowest 13 structures were further refined by Cartesian AS = \/(A(SHN)Z + (AéN)2/6.5 (1)

dynamics as above. The lowest energy structures of the two

protein constructs were analyzed by using AQUA and Repressor Actity Assay.In vivo assays of repressor

PROCHECK softwareg0). activity were performed as described previousd)(
Isothermal Titration Calorimetry.lsothermal titration

calorimetry experiments were performed by use of a VP- ACKNOWLEDGMENT

ITC titration calorimeter (Microcal Inc., Northampton, MA) We thank Donald Caspar for helpful discussions and Dr.
at 25°C. Both protein and peptide solutions were dialyzed pgrett Hambly for a careful reading of this manuscript. ITC

extensively against 10 mM phosphate buffer, pH 7.5, prior 5nq cp experiments were performed with partial support of

to titrat!on._Protei_n concentrations were determined frpm Fhe the Physical Biochemistry Facility in the Kasha Laboratory.
absoption intensity at 280 nm using a calculated extinction

coefficient of 8250 cm! M~! (www.expasy.ch). Peptide SUPPORTING INFORMATION AVAILABLE
concentrations were determined spectrophotometrically at
257 nm based on a calculated extinction coefficient of 200
cmt M~ All titrations were performed with the SH3
domain as titrate (cell) and peptides as titrants (syringe).
Depending on the protein concentration, the final protein/
peptide molar ratios varied from 1:15 to 1:20, with the
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