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Abstract: The signal recognition particle (SRP) is a ribonucleoprotein complex which is crucial for

the delivery of proteins to cellular membranes. Among the six proteins of the eukaryotic SRP, the

two largest, SRP68 and SRP72, form a stable SRP68/72 heterodimer of unknown structure which is
required for SRP function. Fragments 68e0 (residues 530 to 620) and 72b0 (residues 1 to 166)

participate in the SRP68/72 interface. Both polypeptides were expressed in Escherichia coli and

assembled into a complex which was stable at high ionic strength. Disruption of 68e0/72b0 and
SRP68/72 was achieved by denaturation using moderate concentrations of urea. The four

predicted tetratricopeptide repeats (TPR1 to TPR4) of 72b0 were required for stable binding of 68e0.

Site-directed mutagenesis suggested that they provide the structural framework for the binding of
SRP68. Deleting the region between TPR3 and TPR4 (h120) also prevented the formation of a

heterodimer, but this predicted alpha-helical region appeared to engage several of its amino acid

residues directly at the interface with 68e0. A 39-residue polypeptide (68h, residues 570–605), rich in
prolines and containing an invariant aspartic residue at position 585, was found to be active.

Mutagenesis scanning of the central region of 68h demonstrated that D585 was solely responsible

for the formation of the heterodimer. Coexpression experiments suggested that 72b0 protects 68h
from proteolytic digestion consistent with the assertion that 68h is accommodated inside a groove

formed by the superhelically arranged four TPRs of the N-terminal region of SRP72.
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Introduction

Sorting of secretory proteins is a fundamental cellular

function in which the signal recognition particle (SRP)

plays a central role. The SRP is a stable cytosolic ribo-

nucleoprotein particle which acts in concert with ribo-

somes and membrane components. SRP binds to the

signal sequence when the nascent polypeptide emerges

from the ribosome. This step delays translation of the

protein and is followed by the formation of a complex

between the ribosome-bound SRP and the membrane-

resident SRP receptor. The SRP is released from its

membrane-bound state upon GTP-hydrolysis to re-

sume translation and complete translocation.1–4

The SRP-mediated protein sorting mechanism has

been conserved in all domains of life. The mammalian

SRP contains a 303-nucleotide SRP RNA and six pro-

teins, named SRP9, SRP14, SRP19, SRP54, SRP68,

and SRP72 according to their approximate molecular

weights in kilo-daltons.5 SRP9/14 and the terminal

SRP RNA regions form the small domain (also

referred to as Alu domain) which functions in transla-

tion delay. The large or S-domain of the dumbbell

shaped human SRP contains proteins SRP19, SRP54,

and SRP68/72 and participates in signal peptide bind-

ing and GTP-hydrolysis.6–8 In contrast to the multi-

component mammalian SRP which delivers proteins

to the endoplasmic reticulum (ER),9 the SRP of most

bacteria contains only one protein, a homologue of the

SRP54 protein (Ffh), and a 4.5S or 6S RNA.10 Proteins

SRP68 and SRP72 have not been found in the bacte-

rial and archaeal genomes and thus appear to be a

property of the eukaryotic SRPs.10–12

GFP-labeled human SRP68 and SRP72 were

detected in the nucleolus and cytoplasm of transfected

rat fibroblast cells suggesting a role of the proteins in

SRP assembly.13 Saccharomyces cerevisiae SRP68 was

shown to be required for stable SRP expression.14 A

certain combination of mutations in SRP72 and SRP

RNA led to accumulation of SRP precursors in the nu-

cleus, further supporting the idea that SRP72 is impli-

cated in the assembly of the SRP.15 Nevertheless, in

vitro experiments with elastase treated canine SRP

demonstrated that the SRP68/P72 heterodimer con-

tributes directly to the signal peptide recognition func-

tion in the assembled particle.16 Recently, depletion of

SRP68 and SRP72 by RNAi silencing was shown to be

lethal for Trypanosoma brucei.17 Transfection of HeLa

cells with shRNA-expression plasmids directed against

SRP72 led to a reduction of the SRP RNA levels.18

Binding of SRP68/72 is impaired by SRP RNA

mutations throughout the large domain of the human

SRP with the most pronounced effects caused by

changes in helix 5 and helix 8.19 Consistent with these

findings, chemical modification and footprinting

experiments show that SRP68/72 brings helices 6 and

8 closer together to prepare the SRP RNA for the

binding of the highly conserved SRP54 protein.20

Because SRP72 binds only to a small section of helix

5, most RNA-protein contacts are likely to be brought

about by SRP68.

We have shown that a single conserved adenosine

residue within the eukaryotic 5e motif is essential for

the formation of a complex with human SRP72.21 This

portion of the SRP RNA binds to a relatively small 56-

residue region near the C-terminus of SRP72 into

which the consensus sequence PDPXRWLPXXER is

imbedded. In contrast, the expansive RNA binding

region of human SRP68 engages amino acid residues

from positions 52 to 252.22

Proteins SRP68 and SRP72 share the same phylo-

genetic distribution and are released from the SRP as

a stable heterodimer.10,16 We identified a stretch of 94

amino acid residues near the C-terminus of SRP68

(68e0) which binds to �150 amino acids from the N-

terminal region of SRP72 (72b0). This 72b region is

located within a predicted tandem array of four tetra-

tricopeptide (TPR)-like motifs suggested to form a

superhelical structure which binds to the C-terminal

region of SRP68 by unknown means.22 In the pre-

sented work, we explore this unusually stable protein–

protein interaction and identify the amino acid resi-

dues required for the formation of the human SRP68/

72 heterodimer. The results from these experiments

not only yield first insights into the molecular details

of an exceptionally stable protein–protein interaction,

but also are expected to guide urgently needed high-

resolution structural investigations.

Results

SRP68/72 regions which participate in the

formation of a heterodimer

Previous investigation of the interactions between

human SRP68 and SRP72 identified the C-terminal

region of SRP68 encompassing the amino acid resi-

dues at positions 530 to 620 (fragment 68e0) as being

solely responsible for the binding to SRP72.22 We

mixed Thioredoxin and 6xHis-tagged 68e0 (Thx-H68e0)

with recombinantly generated SRP72 fragments which

collectively extended over the full-length human

SRP72.23 Nickel affinity chromatography, followed by

SDS-PAGE of the free and bound fragments, showed

that 72b (amino acid residues 1 to 285) and 72b0 (1 to

163) exhibited a high affinity for Thx-H68e0. In con-

trast, fragments 72a0 (residues 167 to 448) and 72c

(residues 447 to 665) did not bind to Thx-H68e0.22 A

comparison of aligned representative SRP72 sequences

confirmed the presence of four predicted tetratricopep-

tide (TPR)-like motifs in 72b0 as well as the conserved

or invariant nature of A64, Y86, Y89, Q117, and Y120

(‘‘Materials and Methods’’ section). An insertion of 20

residues between TPR3 and TPR4 was designated as

h120 for its predicted alpha-helical character and the

presence of the conserved tyrosine at position 120

[Fig. 1(A)]. The alignment of representative eukaryotic

SRP68 sequences did not reveal any striking secondary
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structure features in the 68e0 region. A possible excep-

tion was a weakly predicted beta-turn at F583 which is

immediately followed by a short alpha-helix embedded

into proline-rich surroundings [Fig. 1(C)].

To measure the interactions between 68e0 and

72b0, we prepared GST-k72b0, a fusion protein of

favorable solubility which contains a N-terminal Gluta-

thione-S-transferase (GST) tag and a kinase site for ra-

dioactive labeling with [c-32P]ATP. Sample aliquots

were incubated with Ni-paramagnetic beads followed

by measuring the bead-associated radioactivity in a

scintillation counter (see ‘‘Materials and Methods’’ sec-

tion). 0.5 to 1 nM of 32P-labeled GST-k72b0 were

mixed with increasing known amounts of purified

Thx-H68e0 until binding was saturated. The apparent

association constant (K0
a) was calculated by determin-

ing the concentration of unbound Thx-H68e0 that led

to the formation of equal amounts of free and com-

plexed GST-72b0. Assuming that one molecule of GST-

k72b0 bound to one molecule of Thx-H68e0, the value

of K0
a was about 108 M�1 [Fig. 2(C)].

Disruption of the SRP68/72 interface

Human SRP68/72 had been shown to separate from

the SRP RNA in a buffer containing 2 M KCl and

remain heterodimeric.16 We incubated complexes

between GST-72b0 and Thx-H68e0 at various poten-

tially disruptive conditions, and measured the associa-

tion of the polypeptides with Ni-NTA magnetic agarose

beads. Figure 2(B) shows that the complex was stable

at room temperature in buffers of elevated ionic

strength (3 M KCl and 1 M LiCl, lanes 2 and 5), and

remained intact in 20% ethanol and 5% DMSO (lanes

3 and 4). The intensities of the Coomassie blue stained

GST-72b0 and Thx-H68e0 were stoichiometrically con-

stant and consistent with the formation of 1:1 com-

plexes. This was observed even when an excess of

SRP72 was mixed in the initial preparation (not

shown). Disruption of the complex occurred in urea at

concentrations of 2 M and above, presumably due to

the denaturation of GST-72b0, Thx-H68e0, or both

polypeptides [Fig. 2(B), lanes 6 to 9]. Incubation at

room temperature in 0.5 M increments of denaturant

showed that equal amounts of free and complexed

GST-72b0 were present at an urea concentration of

�2.4 M [Fig. 2(D)].

As GST is known for its a tendency to form

dimers in solution26 we measured the urea-dependent

disruption of complexes composed of untagged 68e0

and 6xHis tagged 72b0 (H72b0) prepared as described

in ‘‘Materials and Methods’’ section. Incubations were

carried out at 4�C using increasing urea concentrations

Figure 1. Properties of the interface between human SRP72

and SRP68. (A) The protein sequence logo of the 72b0 region

was prepared using the interface at http://

weblogo.berkeley.edu/logo.cgi. The height of each symbol is

proportional to its frequency in the alignment of

representative SRP72 sequences obtained as described in

‘‘Materials and Methods’’ section. Rectangles below each

sequence indicate how many residues were altered. Negative

effects of the ability to form complexes are shown by the

extent of black filling and are listed in Table I. Not considered

are the results obtained from competition experiments with

A117–118 Q117A, and V118A [Fig. 4(D)]. Below the logo,

amino acid positions are labeled in 20-residue increments

according to full-length human SRP72. The termini of

fragment 72b0 are numbered. Alpha helices, predicted from

alignments of representative eukaryotic sequences (available

at http://rnp.uthct.edu/rnp/SRPDB/srpprotein.html) are

marked as gray cylinders. The positions of four

tetratricopeptide repeats (TPR1 to TPR4) as well as a small

predicted alpha-helix located between TPR3 and TPR4

(h120) are indicated. (B) Alignment of the four N-terminal

TPR-like regions of human SRP72 and the h120 insertion

between TPR3 and TPR4. The TPR consensus sequence24

and matching SRP72 residues are highlighted in pink. Amino

acid residues are numbered according to full-length human

SRP72.23 Regions predicted to be alpha-helical as

determined by PSIPRED25 are shown in blue frames. (C)

Protein logo of the 68h region with effects of mutant

polypeptides depicted as in panel A. The termini of fragments

68e0, 68f, and 68h are numbered according to full-length

human SRP68. Alpha helices and a beta turn, predicted from

alignments of representative SRP68 sequences, are marked

in blue and as a green arrow, respectively.
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of up to 2 M followed by the recovery of the material

which remained bound to Ni-NTA magnetic agarose

beads [Fig. 3(A)]. Equal amounts of free and bound

68e0 were observed at an urea concentration of

�0.9 M suggesting that the GST and Thioredoxin

domains provide increased stability. When incubated in

buffer with 1 M urea for up to 16 hours, the amount of

complex decreased only slightly, suggesting negligible

mild effects on stability during extended times of expo-

sure to the denaturant [inserted graph of Fig. 3(A)].

We also investigated the full-length SRP68/72

complex, coexpressed in yeast and purified by Ni-NTA

chromatography via the 6xHis tag attached to the C-

terminus of SRP7220 (‘‘Materials and Methods’’ sec-

tion). In contrast to 68e0/H72b0, dissociation of 68/

72H was observed over a wide range of urea concen-

trations. Equal amounts of free and complexed SRP68

were present at a relatively high urea concentration of

�4.9 M. When incubated in a buffer containing 5M

urea, the complex remained essentially stable for sev-

eral hours [Fig. 3(B)]. In the light that 72b0 and 68e0

are the only regions which participate in the formation

of a heterodimer this result suggests indirect stabiliz-

ing effects of regions which are located adjacent to the

SRP68/72 interface.

Effects caused by alterations in GST-72b0

Three mutant derivatives of GST-72b0 were purified in

attempting to reduce the size of the 72b0 fragment

(residues 1 to 163) to a minimum while retaining its

ability to bind to the 68e0 region. DTPR1 is a deletion

of the N-terminal TPR (residues 11–44 removed),

DTPR4 lacks residues 132–165, and Dh120 is a dele-

tion of residues 113–131. The polypeptides were puri-

fied and used in a binding assay described in ‘‘Materi-

als and Methods’’ section. The result is depicted in

Figure 4(A). As expected, GST-k72b0 associated with

the Ni-NTA magnetic agarose beads only when mixed

with Thx-H68e0 [lanes 4 and 6 in Fig. 4(A)]. DTPR1,
DTPR4, and Dh120 lost their ability to form a complex

with Thx-H68e0 [Fig. 4(A), lanes 8, 10, and 12].

Concerned about the possibility that the three de-

letion polypeptides are unavailable for binding in solu-

tion due to low solubility, lysates containing wildtype,

DTPR1, DTPR4, or Dh120 were subjected to centrifuga-

tion under binding conditions. Aliquots of the

Figure 2. Binding of the GST-k72b0 fusion protein to the Trx-H68e0 polypeptide. (A) Depiction of the components in the assay.

(B) Bacterial lysates overexpressing N-terminally GST-tagged 72b0 (GST-72b0) or Thioredoxin and His-tagged 68e0 (Thx-H68e0)22

were mixed to form complexes and subjected to different conditions as indicated. Ni-NTA magnetic agarose beads were

added, concentrated in a magnetic separator, and the polypeptides that remained bound to beads were analyzed by SDS

PAGE and Coomassie blue staining. Molecular masses in kDa of marker polypeptides are indicated in lane m. (C) Low amounts

of 32P-labeled GST-k72b0 were mixed with increasing amounts of purified his-tagged Trx-68e0 (Thx-H68e0) as indicated, and the

amount of radioactivity associated with the Ni-paramagnetic beads was measured by scintillation counting as described in

‘‘Materials and Methods’’ section. (D) Effect of increasing urea concentration on the disruption of the complex.
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supernatants and pellets where analyzed by SDS

PAGE. Figure 4(B) illustrates that the solubilities of the

mutant polypeptides were largely unaffected. Table I

shows semiquantitatively the solubilities of all SRP72-

derived mutant polypeptides used in this study.

Altering the conserved residues at positions 64,

86, or 89 yielded polypeptides with the solubility

reduced to 20% or less. Nevertheless, sufficient mate-

rial could be isolated from the supernatants of the cen-

trifugated lysates to carry out meaningful binding

experiments. The polypeptides in the soluble fractions

of A64L, Y86A, and Y89A were incapable to bind to

Thx-H68e0. Changing the conserved tyrosine at posi-

tion 132 to an alanine yielded a soluble protein with a

moderate (34% � 9%) binding activity (see Table I).

Alanine-scanning was used to investigate the h120

insertion between TPR3 and TPR4 suspected to be

required for the specific binding to SRP68. Changes to

alanines were made in groups of four or three adjacent

residues, and binding of the mutant GST-72b0 deriva-

tives to Thx-H68e0 was examined. The A121–124 and

A129–131 mutant polypeptides remained active to a

significant degree (87% � 15% and 42% � 10%,

respectively). In contrast, the activities of A113–116,

A117–120, and A125–128 were reduced to 16% or less.

Mutant polypeptide A117–120 had a favorably solubil-

ity but was inactive. Conversely, although the solubility

of A125–128 was low, some binding (16% � 6%) was

observed. This suggested that binding could be

observed unimpeded even when the solubility of the

mutant polypeptides was poor (Table I).

Of the dialanine substitutions, no effects on bind-

ing were observed with A115–116 and A127–128. Activ-

ities were nearly completely lost in polypeptides carry-

ing the A113–114, A117–118, A119–120, or A125–126

mutations [Fig. 4(C), summarized in Figure 1A and

Table I]. Analysis of the corresponding single residue

changes showed that both E113 and the moderately

conserved L114 were required. Also L119 and Y120

were found to be important for the formation of a

complex. Y120A retained a binding activity of 47% �
9% despite the highly conserved nature of this tyro-

sine. With respect to positions 125 and 126, only Y125

was found to be somewhat important (21% � 5%).

The A117–118 double mutant was largely inactive

(14% � 10%) but changes of individual residues

yielded polypeptides with substantial binding capabil-

ities (82% � 6% for Q117A, 98% � 5% for V118A).

Because Q117 stood out as an invariant residue in the

alignment of representative SRP72 sequences, this

result was surprising. To investigate the specificity of

the interaction between GST-72b0 and Thx-H68e0 we

carried out competition experiments using a small

fixed amount of 32P-labeled GST-k72b0 and 8nM of

Thx-H68e0 in the presence of increasing amounts of

unlabeled competitor proteins. Competition effects

were compared at the half-saturation point of the com-

plex [Fig. 2(C)]. The concentration of the Q117A

Figure 3. Effect of urea and incubation times on the stability of the SRP68/72 interaction. (A) Stability of 68e0/H72b0.

Complexes were coexpressed in E. coli and subjected to increasing urea concentrations and incubation times. Polypeptides,

either free or associated with Ni-NTA magnetic agarose beads, were visualized by SDS PAGE as described in ‘‘Materials and

Methods’’ section. Dashed lines indicate the urea concentration that led to the formation of equal amounts of complex and free

68e0. The insert shows the stability of the complex over time when incubated in 1 M urea. (B) SRP68/72H was coexpressed in

S. cerevisiae and purified as described in ‘‘Materials and Methods’’ section. Dashed lines indicate the urea concentration (�5

M) that led to the formation of equal amounts of complexed and free polypeptides. The insert shows the stability of the 68/72H

heterodimer over time when incubated in 5 M urea. (C) Depiction of the interacting components in the assay.
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mutant polypeptide required to reduce binding to 50%

was nearly two orders of magnitude higher than for

wildtype GST-k72b0. Compared to Q117A, stronger

competition was observed with the V118A change, but

it was still significantly weaker than the competition

with GST-k72b0. Within the limits of the assay, the

A117–118 double-mutation polypeptide was unable to

compete. We conclude that the reason for the invari-

ance of the glutamine at position 117 of human SRP72

is due to its important contribution in the formation

of a complex with the 68e0 region.

A 39-amino acid SRP68-derived peptide

binds to 72b0

Smaller derivatives of fragment 68e0 (residues 530 to

620) containing the previously identified patch of con-

served residues at 580 to 587 were expressed in

E. coli.21 Lysates containing polypeptide 68f (residues

562 to 620) expressed from a Kanamycin resistant

plasmid (‘‘Materials and Methods’’ section) were mixed

with 6xHis-tagged 72b0 (H72b0) and samples were ana-

lyzed using the assay depicted in Figure 3(C).

Although yields were low, active binding was observed

by colocalization of the H72b0 and 68f polypeptides

with the Ni-NTA beads (not shown). Complexes of

higher yield were obtained by cotransforming the

Kanamycin resistant 68f construct with the Ampicillin

resistant H72b0-encoding plasmid [Fig. 5(A), lane 2].

The N-terminally 6xHis-tagged 68h peptide

(H68h) contained the 39 amino acid residues at posi-

tions 570 to 605 and was encoded by a Kanamycin re-

sistance plasmid. Different E. coli host strains and

growth conditions were explored to express H68h, but

all attempts to isolate intact H68h proved unsuccess-

ful. However, cotransformation with the Ampicillin re-

sistant GST-k72b0-encoding plasmid [depicted in

Fig. 5(C)] demonstrated that H68h was translated

and capable to form a stable heterodimer [Fig. 5(B),

lane 3].

Alanine-scanning mutagenesis of the central
region of H68h

The 68h region is proline-rich and contains near its

center the three conserved amino acid residues K580,

Figure 4. Effects of mutations in GST-72b0 on the formation of complexes with Thx-H68e0. (A) Purified GST-k72b0 or mutant

polypeptides were incubated with Thx-H68e0, mixed with Ni-NTA magnetic agarose beads, and polypeptides were analyzed

by SDS PAGE and Coomassie blue staining. Molecular mass markers in kDa are shown in lane m. Purified GST-k72b0 and

Thx-H68e0 are in lanes 1 and 2, respectively. Lanes 3 and 4: unbound (u) and bound (b) GST-k72b0 in the absence of Thx-

H68e0; lanes 5 and 6: in the presence of Thx-H68e0; lanes 7 and 8: deletion of the N-terminal tetratricopeptide (DTPR1); lanes
9 and 10: deletion of the forth tetratricopeptide (DTPR4); lanes 11 and 12: deletion of residues 113 to 131 (Dh120). (B)
Aliquots of proteins (a) in E. coli cell lysates expressing wildtype or mutant polypeptides. Supernatants (s) after centrifugation

of the same lysates analyzed by SDS PAGE. Equal intensities of the Coomassie blue stained bands from each polypeptide

indicate it is completely soluble. (C) Binding activities of selected mutant derivatives of the GST72b0 polypeptide as indicated

and analyzed as described in panel A showing the bead-bound polypeptides. (D) Binding of 32P-GST-k72b0 to Thx-H68e0 in

the presence of unlabeled competitor proteins: GST-k72b0 (wt, open circles); A117–118 (marked x); Q117A (dots); and V118A

(triangles). The amount of bound radioactive GST-k72b0 was determined by scintillation counting as described in ‘‘Materials

and Methods’’ section.

2188 PROTEINSCIENCE.ORG Interactions Between Human SRP68/72



P581, A587 as well as the invariant D585. Introducing

five consecutive tetraalanine blocks within the central

region of 68h showed that the alterations of A581–584

and A585–588 polypeptides abolished binding to GST-

k72b0. In contrast, mutations in A577–580, A589–592,

and A593–596 reduced the binding activities slightly

or not at all. Of the dialanine changes, binding was

significantly reduced in A585–586 (26% � 7%),

A583–584 (56% � 28%), and less so in A581–582 and

A587–588 (see Table I).

Table I. Activities of the GST-72b0 and H68h Mutant Derivatives

SRP72 mutants Activity (%) Solubility SRP68 mutants Activity (%)

GST-k72b0 100 þþþ H68h 100
DTPR1 (D11–44) 0 þþþ A577–580 97 � 9
A64L 0 þ K580A 89 � 11
Y86A 0 þ A581–584 0
Y89A 9 � 3 þ A581–582 85 � 10
Dh120 (D113–131) 0 þþþþ P581A 96 � 3
A113–116 0 þþ L582A 108 � 7
A113–114 14 � 2 þ A583–584 56 � 28
E113A 20 � 6 þþþ F583A 94 � 3
L114A 8 � 6 þþ F584A 97 � 5
A115–116 89 � 20 þþþþ A585–588 0
G116A 100 � 1 þþþþ A585–586 26 � 7
A117–120 0 þþþþ D585A 20 � 10
A117–118 14 � 10 þþþ L586A 60 � 9
Q117A 82 � 6 þþþþ A587–588 84 � 17
V118A 98 � 5 þþþ A587L 84 � 2
A119–120 0 þþþ L588A 102 � 1
L119A 18 � 3 þþ A589–592 96 � 23
Y120A 47 � 9 þþþþ A593–596 77 � 4
A121–124 87 � 15 þþþþ
A125–128 16 � 6 þ
A125–126 15 � 3 þþþ
Y125A 21 � 5 þþþ
D126A 96 � 6 þþþ
A127–128 120 � 28 þþþ
A129–131 42 � 10 þþþ
A130L 95 � 12 þþþ
Y132A 34 � 9 þþþ
DTPR4 (D132–165) 0 þþþ

Binding activities of the GST-72b0 mutant polypeptides were determined by measuring the protein amounts associated with Ni-
NTA magnetic agarose beads which had been primed with Thx-H68e0 relative to the binding activity of GST-k72b0. The activities of
mutants of H68h were determined in coexpression experiments with GST-k72b0 followed by incubation of the E. coli lysates with
Ni-NTA magnetic agarose beads or GST Sepharose. The variable solubilities of the GST72b0 derivatives was assessed by centrifuga-
tion followed by SDS PAGE of polypeptides in the pellets and supernatants as indicated by þþþþ (80–100%), þþþ (50–80%),
þþ (20–50%), and þ (5–20%). Under the conditions used, H68h and all its mutant derivates exhibited favorable solubilities.

Figure 5. Binding of 68f and H68h to the 72b0 region. (A) Recombinant fragments 68e0 (residues 530 to 620 of human SRP68)

and 68f (562 to 620) were coexpressed with his-tagged 72b0 in E. coli, lysates were incubated with Ni-NTA Superflow beads,

and the bound polypeptides were analyzed by SDS PAGE. Lane m: molecular mass marker in kDa; lane 1: H72b0

coexpressed with 68e0; lane 2: H72b0 coexpressed with 68f. (B) Similar to (A), but using His-tagged 68h (H68h, residues 570

to 605) in coexpression with GST-k72b0. Lane 1: purified GST-k720; lane 2: lack of binding of GST-k720 to Ni-NTA Superflow

beads; lane 3: lysate coexpressing GST-k72b0 and H68h. (C) Depiction of the coexpression of GST-k72b0 and H68h inside an

E. coli cell (left); Ap is for Ampicillin, Ka is for Kanamycin resistance. Purification of complexes on Ni-NTA beads (right).
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We took advantage of the fact that H68h was pro-

teolyzed during expression in E. coli unless it had an

opportunity to form a complex with the coexpressed

72b0 region. Aliquots of the lysates were mixed with

Ni-NTA beads as indicated in Figure 5(C) and the

bead-bound polypeptides were analyzed by SDS PAGE.

Figure 6(A) demonstrates that H68h formed a pro-

tected complex with GST-k72b0. As expected, DTPR1
and DTPR4, and to some extent the Dh120 polypep-

tide, did not bind to H68h.

Individual residues at positions 580 to 588 were

changed to alanine codons in the Kanamycin resistant

H68h expression plasmid. (An exception was the

change to leucine of the naturally occurring alanine at

position 587.) Wildtype and mutant plasmids were

cotransformed with the GST-k72b0 expression plasmid.

Protein production was induced by adding IPTG, ali-

quots of the lysates were mixed with Ni-NTA beads

[Fig. 5(C)] or glutathione Sepharose, and the bound

polypeptides were analyzed by SDS PAGE as described

in ‘‘Materials and Methods’’ section. The results shown

in Figure 6(B) and listed in Table I demonstrate that a

change of the invariant D585 to alanine reduced the

binding activity to 20% � 10%. Less pronounced

effects were observed with L586A (binding of 60% �
9%) and A587L (84% � 2%). Altering the conserved

residues K580 and P581 had insignificant effects on

the formation of a complex.

Discussion

Although the genes for SRP68 and SRP72 are located

on different chromosomes, the proteins exist and have

been studied predominantly in their heterodimeric

form. Conditions of even higher ionic strength (3 M

KCl) than used earlier to isolate canine SRP68/72

yielded stable GST-72b0/Thx-H68e0 complexes.16

Attempts to distinguish between electrostatic and

hydrophobic effects of this strong protein–protein

interaction were unsuccessful.

SRP68 and SRP72 could be separated by disrup-

tion of hydrogen bonds and unfolding using moderate

concentrations of urea.27 The investigated complexes

likely shared identical interactions, but the urea con-

centration needed for the separation of the bound

polypeptides varied from 0.9 M to 4.9 M. These differ-

ences might be due to stabilizing effects caused by

GST, Thioredoxin, or regions in SRP68 and SRP72

when positioned near the protein–protein interface.

For example, the predicted TPR5 and TPR6, although

not essential for binding, might indirectly add stability

to the adjacent 72b0 region.23 It is also possible that

full-length SRP68/72 is particularly resistant to dena-

turation as it was coexpressed and isolated from yeast

as a complex. In contrast, the GST-72b0/Thx-H68e0

and 68e0/H72b0 complexes were assembled in vitro

from their components and may have had fewer

opportunities to stabilize.

Due to its modular character, the deletion of the

N-terminal TPR1 or the C-terminal TPR4 from the

active 72b0 region was expected to yield properly

folded polypeptides. Indeed, the favorable solubility of

the deletion mutant proteins indicated that no disrup-

tions of the overall structure had occurred (Table I).

The protein with the deletion of h120 was also soluble,

suggesting that removal of this predicted alpha-helix

allows proper folding. Although likely to be correctly

folded, the DTPR1 and DTPR4 polypeptides were inca-

pable of binding to 68e0 suggesting that at least four

superhelically arranged TPRs are needed to form a

groove which is sufficiently large to accommodate

SRP68 residues 570 to 605 of the H68h polypeptide.

This mode of interaction has been observed in other

TPR-mediated protein–protein complexes24 and is

consistent with the observed proteolytic resistance of

H68h when coexpressed with GST-k72b0 [Fig. 5(B)].

Changes of the residues at positions 64, 86, and 89

in TPR2 and TPR3 yielded inactive polypeptides of poor

solubility [Fig. 1(A) and Table I]. Consistent with these

findings, A64 and Y89 are part of the TPR consensus

sequence and likely to be required for maintaining

properly folded TPRs in a superhelical arrangement.28

Mutations at these consensus position have been

Figure 6. Binding of coexpressed mutated polypeptides.

(A) Protection of H68h by GST-k72b0. Arrowheads indicate

the migrations of GST-k72b0, DTPR1, DTPR4, and Dh120
polypeptide. Lysates coexpressing H68h were incubated

with Ni-NTA beads and the bound polypeptides were

separated by SDS PAGE. (B) Amino acid residues in H68h

required for binding to GST-k72b0. Analysis of lysates

coexpressing GST-k72b0 with H68h or H68h mutant

derivatives (as indicated) on Ni-NTA beads (Ni) or

glutathione Sepharose 4B (GST). The arrowhead points to

the 5.2 kDa wildtype or mutant H68h polypeptides.
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reported to result in a disruption of the function in sev-

eral other TPR-containing proteins.29 The contribution

of the conserved Y86 to folding is less well understood

but this residue occupies an important eighth position

of TPR3 [Fig. 1(B)]. The TPRs of SRP72 lack conserved

residues expected to decorate the superhelical scaffold

and engage another protein. Therefore, the four TPRs

function primarily in maintaining the structural frame-

work for the binding of SRP68.

Lack of knowledge about the structure of the pre-

dicted h120 alpha-helix makes it difficult to ascertain

its role on the molecular level. The presence of the

invariant Q117 and the conserved Y120, as well as the

uniqueness of h120 within the repeated TPR frame-

work, suggests a direct engagement of this region with

SRP68 [Fig. 1(A)]. Although we cannot exclude the pos-

sibility that h120 modulates the conformation of the

predicted TPR superhelix, this appears to be unlikely as

SRP68 engages via a single residue [D585, Fig. 1(C)].

Our approach for identification of the amino acid

residues which maintain the SRP68/72 interface pro-

vided important insights but was limited by its semi-

quantitative character. This became evident when the

A117–118 double mutant was shown to be inactive,

whereas alterations of its individual residues yielded

essentially active polypeptides. As predicted from the

invariance of Q117, the Q117A mutant polypeptide did

not compete in followup experiments. Due to the lack

of high-resolution data for the SRP68/72 interface, we

refrained from carrying out elaborate competition

experiments for all the potentially involved residues.

Within SRP68, the 68h region displays the highest

density of proline residues. Several other protein–pro-

tein interactions involve proline-rich amino acid

sequences.30 Three highly conserved amino acid resi-

dues present themselves in the 580–588 region, but

when changed did not abolish the binding of the mu-

tant peptides to GST-k72b0. Only the invariant D585

proved to be important [Fig. 1(C)]. Given the complex-

ity of the interface with respect to the SRP72 portion

[Fig. 1(A)], it is premature to speculate about how this

aspartic acid residue might engage the 72b0 region.

We have identified the amino acid residues

required for the formation of SRP68/72 and demon-

strated that coexpression can be used to conveniently

monitor the formation of protein–protein complexes if

at least one unbound form is proteolytically sensitive.

By having achieved a reduction of the size of the

SRP68/72 interface to its minimum, new opportunities

for solving the high-resolution structure of this inter-

esting protein–protein interaction are likely to emerge.

Materials and Methods

Purification of full-length human SRP68/72H
Using the Yeast Transformation System 2 kit (Clon-

tech) competent yeast BCY123 cells were prepared by

the Lithium acetate method and were transformed

with pRS68–72His (kindly provided by K. Nagai,

MRC, Cambridge, UK). This plasmid encodes both

full-length human SRP68 and C-terminally His-tagged

human SRP72. Transformants were selected by growth

for 3 to 4 days at 30�C on -Ura plates prepared from

minimal synthetic defined (SD) agar base supple-

mented with -Ura DO (Clontech). Two colonies were

transferred into 10 mL of -Ura medium supplemented

with 2% glucose, Adenine hemisulfate (Sigma) and

DL-Tyrosine (ICN Biochemicals) followed by shaking

at 30�C for 16 to 17 hours. The culture was added to

100 mL of supplemented -Ura medium with Tyrosine,

Adenine hemisulfate, and containing 2% D-Raffinose

pentahydrate (Sigma). Shaking was continued for 7 to

8 hours until the A600 reached �0.8. A 20% D-Galac-

tose (MP Biomedicals) solution was added to a final

concentration of two percent and incubation was con-

tinued for 16 to 17 hours. Cells were harvested by cen-

trifugation in a 50 mL conical tube, washed with

100 mL of ice-cold sterile deionized water, and the

pelleted cells were stored at �70�C.

One gram of frozen cells were resuspended in 400

lL of CelLytic Y Cell Lysis reagent (Sigma) containing

10 mM 2-ME. The cell suspension was mixed with 150

lL of a protease inhibitor, equivalent to one tenth of

one EDTA-free complete mini protease inhibitor cock-

tail tablet (Roche). Four grams of acid washed glass

beads (425 to 600 lm in diameter, Sigma) were added

to the sample, followed by vortexing in the cold at

maximum speed, eight times for 30 s with interrup-

tions by placing the sample for 1 min on ice. The lysed

cells were mixed with 2 mL of 75 mM Na-phosphate,

pH 7.4, 750 mM NaCl, 15 mM Imidazole, 5.5 mM

2-ME, 15% glycerol, and 0.75 M urea. The glass beads

were pelleted by centrifugation at 2,000 rpm in a Sor-

vall HB1000B rotor for 5 min at 4�C. The removed su-

pernatant (�3 mL) was incubated on ice for 30 min.,

transferred to a centrifuge tube (Beckman N0.

349622), and subjected to a high-speed centrifugation

(50,000 rpm, 105,000 g, Beckman TLA-100.3) for

1 hour at 4�C. The supernatant from the high-speed

spin was added to a 500 lL suspension of Ni-NTA

Superflow beads (Qiagen) which had been equilibrated

in 50 mM Na-phosphate, pH 7.4, 500 mM NaCl,

10 mM Imidazole, 5 mM 2-ME, 10% glycerol, and 0.5

M urea (binding buffer). The sample was subjected to

slow rotation for 1 hour at 4�C and then loaded step-

wise onto a 0.5 mL spin-column (Evergreen Scien-

tific). The column was washed with 5 mL of binding

buffer containing 30 mM Imidazole. SRP68/72 was

eluted stepwise with binding buffer containing 100 to

300 mM Imidazole. Aliquots of the eluate fractions

were analyzed by SDS PAGE on 8% Tris-tricine gels,

pooled appropriately, and dialyzed at 4�C against

20 mM Na-phosphate, pH 7.4, 300 mM NaCl, 5 mM

2-ME, and 30% glycerol. The SRP68/72 preparation

was stored at �20�C. The protein concentration was
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determined by SDS-PAGE of sample aliquots and Coo-

massie blue staining using a standard curve generated

with known amounts of lysozyme.

Preparation of GST-72b0 and GST-k72b0

The coding sequence of human SRP72 (GenBank

accession no. 076094) was assembled using standard

molecular biology techniques from clones identified in

a lambda-gt10 cDNA library of human HepG2 hepa-

toma cells as well as a 191-bp HindIII fragment

excised from EST H07969 (Genome Systems) as

described.13 For bacterial expression, the gene was

inserted into pGEX-2TK (Pharmacia) to yield pGST-

72, encoding N-terminally GST tagged human SRP72.

A derivative, pGST-72b0 (amino acid residues 1 to 163,

see Supporting Information), was constructed using

suitable restriction enzymes in combination with PCR

and ligation of the amplified DNA fragments. Compe-

tent E. coli DH5-alpha cells (Life Technologies) were

transformed with the ligation mixtures and grown on

LB plates containing 100 lg/mL Ampicillin. Plasmids

were prepared on a small scale. Clones were chosen af-

ter restriction mapping and according to their ability

to express polypeptides of the expected size. Plasmid

DNAs were purified by CsCl density gradient centrifu-

gation. Commercial providers were used to verify the

sequence. pGST-k72b0, containing a site for radioactive

labeling of the fusion protein by protein kinase and

[c-32P]ATP was constructed by the insertion of a syn-

thetic DNA adaptor into the NcoI site of pGST-72b0.

For overexpression and purification of GST-tagged

72b0, competent E. coli Rosetta pLysS (Novagen) cells

were transformed with pGST-72b0 or pGST-k72b0 and

incubated over night at 37�C on LB agar plates con-

taining 200 lg/mL Ampicillin and 34 lg/mL Chlor-

amphenicol. Several colonies were transferred into

50 mL of LB containing antibiotics. Cells were grown

by shaking at 37�C until the A600 reached 0.2, at

which time IPTG was added to a final concentration of

1 mM. The cultures were incubated with continuous

shaking at 37�C for 2 hours. Cells were harvested by

centrifugation and frozen at �70�C. Frozen cells were

resuspended in 6.5 mL of ice-cold 50 mM Na-phos-

phate, pH 8.0, 200 mM NaCl, 5 mM EDTA, 5 mM

DTT (lysis buffer) and sonicated, using a Sonic Dis-

membrator Model 300 (Fisher Scientific) at a setting

of 35 percent, three times for 15 s with 15 s intervals

on ice. The lysate was subjected at 4�C to a low-speed

centrifugation at 15,000 rpm using a Sorvall SS34

rotor for 20 min. The supernatant of the low-speed

spin (1.6 mL) was mixed with 100 lL of a glutathione

Sepharose 4B suspension (GE Healthcare Life Scien-

ces) equilibrated in 50 mM Na-phosphate, pH 6.5,

50 mM NaCl, 5 mM EDTA, 5 mM DTT (equilibration

buffer) followed by rotation of the sample at room

temperature for 1 hour. The Sepharose beads were

washed twice for 30 min with 500 lL of equilibration

buffer. The protein was eluted by the addition of

200 lL of 50 mM Na-phosphate, pH 7.5, 500 mM

NaCl, 0.1% Tween-20, 5 mM 2-ME, and 20 mM Gluta-

thione (reduced form). For the preparation of

untagged polypeptides, the Sepharose-bound GST

fusion proteins was digested overnight at room tem-

perature with 0.43 NIH-units of thrombin (Sigma) in

400 lL of 50 mM Na-phosphate (pH 8.0), 50 mM

NaCl, 1 mM MgCl2, 10% glycerol, eluted, and stored

on ice until further use within one month.

His-tagged 72b0 (H72b0) construction
and purification

pH72b0, a plasmid encoding a tag of six histidines and

a TEV protease site at the N-terminus of 72b0 (amino

acid residues 1 to 166 of human SRP72, see Supporting

Information) was constructed by the ligation of re-

stricted and annealed synthetic oligonucleotides into

pET (Novagen). The H72b0 polypeptide was expressed

at room temperature in E. coli Rosetta (DE3) pLysS

cells by transformation with pH72b0, selection on

Ampicillin/Chloramphenicol plates, and induction of a

liquid culture with 0.5 mM IPTG for 4 hours at an

A600 of 0.2. Cells were lysed in 50 mM Na-phosphate,

pH 7.4, 500 mM NaCl, 5 mM 2-ME, 10 mM Imidaz-

ole, 5 M urea, and kept for 30 min. on ice. The lysate

was subjected to a high-speed centrifugation (Beckman

TLA-100.3 rotor, 50K rpm for 1 hour at 4�C). The su-

pernatant (�3 mL) was harvested, mixed with 400 lL
of Ni-NTA Superflow beads (Qiagen) by slow rotation

for 1 hour min. at 4�C, and loaded stepwise into a

0.5 mL column (Evergreen). The column was washed

with phosphate buffer to remove the urea in one molar

increments. The H72b0 protein was eluted in buffer

containing 50 mM Na-phosphate, pH 7.4, 170 mM

NaCl, 5 mM 2-ME, and 150 mM Imidazole. In the

described experiments, the Ampicillin resistant H72b0

plasmid was used in coexpression experiments with

the Kanamycin resistant 68f-encoding plasmid.

Isolation of SRP68 fragments containing

the SRP72 binding site
Thx-H68e0, a Thioredoxin and His-tagged 68e0 frag-

ment of human SRP68 (residues 530 to 620) was

expressed and purified as described previously.21 Plas-

mids p68e0 and p68f for the expression of untagged

polypeptides 68e0 (residues 530 to 620) and 68f (562

to 620) respectively were generated by PCR from the

pThx-H68e0 followed by cloning of the amplified re-

stricted DNAs into Kanamycin resistant pET28a

(Novagen). His-tagged 68h (H68h, residues 570 to

605) was assembled by ligation of two complementary

synthetic oligonucleotides compatible with the NcoI

and EcoRI restrictions sites of pET28a.

Binding of GST-tagged 72b0 to Thx-H68e0

10 mg of Rosetta (DE3) pLysS cells expressing GST-

72b0 were lysed by sonication in 1.7 mL of 50 mM Na-

phosphate, pH 7.4, 150 mM NaCl, 1 mM EDTA.
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Similarly, cells expressing Thx-H68e0 were lysed sepa-

rately in 50 mM Na-phosphate, pH 7.4, 200 mM

NaCl. Lysates were subjected to centrifugation in a

microfuge for 20 min. and the pellets were discarded.

The GST-72b0 lysate was mixed with 130 lL of equili-

brated glutathione Sepharose 4B suspension (Pharma-

cia) and the protein was bound to the beads by slow

rotation for 1 hour at 4�C. Following a brief centrifuga-

tion, the supernatant was removed, 1.5 mL of Thx-

H68e0-containing lysate were added to the GST-72b0-

charged beads, and the sample was rotated for 2 hours

at 4�C The beads were washed twice with 1 mL of 50

mM Na-phosphate, pH 7.4, 150 mM NaCl, and 1 mM

2-ME. The GST-72b0/Thx-H68e0 complex was eluted

with 200 lL of 50 mM Na-phosphate, pH 7.4, 200 mM

NaCl, 20 mM Glutathione (reduced form, Sigma).

To explore the binding conditions, 15 lL (ca. 1.8

lg) of GST-72b0/Thx-H68e0 were diluted 10-fold with

50 mM Na-phosphate, pH 7.4, 300 mM NaCl, 0.1%

Tween 20, 10 mM Imidazole buffer supplemented with

KCl, ethanol, DMSO, LiCL, or urea as shown in

Results. Samples were incubated at room temperature

for 10 min., 20 lL of a 5% suspension of Ni-NTA Mag-

netic Agarose beads (Qiagen) were added followed by

incubating at room temperature for one hour with

occasional mixing by pipetting. The beads were con-

centrated in a magnetic separator, the unbound poly-

peptides were removed, and the beads were washed by

adding 100 lL of the appropriate buffer followed by

separation in the magnetic field and removal of the

unbound material. The bead-bound proteins were

eluted by adding 20 lL of 50 mM Na-phosphate pH

8.0, 300 mM NaCl, 0.1% Tween 20, and 250 mM Im-

idazole, mixed with 6 lL of twice-concentrated SDS

loading buffer (100 mM Tris-HCl pH 6.8, 4% SDS,

0.2% Bromophenol blue, 20% glycerol). Samples were

subjected to electrophoresis on 10% polyacrylamide

SDS Tricine gels followed by staining of the polypep-

tides with Coomassie blue.

Assay of the binding activities of mutated
GST-72b0

GST-k72b0 or mutant derivatives of GST-72b0 were

purified on glutathione Sepharose 4B beads, and Thx-

H68e0 was purified on Ni-NTA Superflow beads as

described above. The concentrations of the polypep-

tides were determined by SDS PAGE followed by Coo-

massie blue staining with known amounts of lysozyme

for reference. 0.3 to 0.4 lM of Thx-H68e0 were mixed

at room temperature in 100 lL of binding buffer

(50 mM Na-phosphate pH 7.4, 300 mM NaCl, 0.1%

Tween 20, and 1 mM 2-ME) with up to 0.18 lM of

GST-72b0 or its mutant derivatives. Samples were kept

over night on ice. 20 lL of Ni-NTA Magnetic Agarose

beads (Qiagen) were added, samples were incubated at

room temperature for 1 hour with occasional mixing,

and exposed to the magnetic field. Unbound polypep-

tides were pooled with polypeptides in a wash with

100 lL binding buffer and were analyzed in parallel

with the bead-bound proteins as described above.

Isolation of the 68e0/H72b0 complex

Competent E. coli BL21(DE3) cells were cotransformed

with p68e and pH72b0, and colonies were isolated after

growth overnight at 37�C on LB agar plates containing

Ampicillin and 50 lg/mL Kanamycin. Eight colonies

were resuspended in 10 mL of LB containing antibiot-

ics and the culture was shaken for 1 hour at 37�C.

IPTG was added to a final concentration of 0.8 mM

and growth was continued by shaking at room temper-

ature for seven hours. Cells from a 5 mL culture were

harvested by centrifugation, frozen at �70�C, and

resuspended in 50 mM Na-phosphate, pH 7.4,

500 mM NaCl, 20 mM Imidazole, 5 mM 2-ME, 0.5 M

urea, and protease inhibitor cocktail followed by soni-

cation, high-speed centrifugation, and binding of the

complex to Ni-NTA Superflow beads as described

above. The column was washed with 50 mM Na-phos-

phate, pH 7.4, 500 mM NaCl, 30 mM Imidazole,

5 mM 2-ME. The 68e0/H72b0 complex was eluted with

200 lL of 50 mM Na-phosphate, pH 7.4, 500 mM

NaCl, 5 mM 2-ME, 1% Tween 20, and 150 mM

Imidazole.

For assessing the stability of the SRP68/72H and

68e0/H72b0 complexes, aliquots of the preparations

were incubated in 100 lL of 50 mM Na-phosphate,

pH 7.4, 300 mM NaCl, 0.1% Tween 20, 1 mM 2-ME,

and 15 mM Imidazole containing up to 8 M urea fol-

lowed by incubation at 4�C for up to 16 hours. The

disruption of the heterodimers was monitored by incu-

bating the samples with 20 lL of a 5% suspension of

Ni-NTA Magnetic Agarose beads followed by SDS

PAGE as described earlier.

Site-directed mutagenesis of GST-72b0

and H68h
Plasmids encoding mutant derivatives of GST-72b0

were assembled by carrying out two PCR reactions for

each construct with the appropriate mutagenic primers

and the flanking primers ATA GCA TGG CCT TTG

CAG GGC TGG C and GCT TAC AGA CAA GCT GTG

ACC GTC in a Rapid Cycler (Idaho Technology) for 35

cycles at an annealing temperature of 40�C. The two

PCR products were purified by agarose gel electropho-

resis and mixed to amplify the full-length gene using

only the flanking primers. The amplified DNA was

digested with NcoI and EcoRI, purified, and ligated to

the pGST-72b0 vector DNA which had been restricted

with EcoRI and BamHI to remove the wildtype insert.

Competent E. coli DH5a cells were transformed, indi-

vidual colonies were screened by restriction mapping,

and the mutant plasmid sequences were verified.

Mutations in H68h were generated by complete gene

synthesis using two complementary mutant synthetic

oligonucleotides compatible with the NcoI and EcoRI

restrictions sites of pET28a.
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Radioactive labeling of GST-k72b0

The glutathione Sepharose 4B-bound protein was

washed twice with 1 mL of 20 mM HEPES, pH 8.0,

50 mM NaCl, 1 mM MgCl2 followed by elution in

HEPES buffer containing 150 mM NaCl, 1 mM MgCl2,

and 20 mM glutathione. A 30-lL protein labeling

reaction was carried out in 20 mM HEPES, pH 7.9,

5 mM DTT, 10 mM MgCl2 containing 0.5 lg of puri-

fied GST-k72b0 polypeptide, 40 units of the catalytic

subunit of protein kinase A from bovine heart (Sigma),

and [c-32P]ATP (3000 Ci/mmol, PE Biosystems). The

sample was incubated at room temperature for 30 min.

and then stored at �70�C. For binding in a reaction

volume of 100 lL, �1 nM of 32P-labeled GST-k72b0

were mixed with increasing amounts of purified Thx-

H68e0. Aliquots of binding mixtures were incubated

with Ni-paramagnetic beads and the bead-associated

radioactivity in each sample was measured by Ceren-

kov radioation counting in a Beckman Coulter LS6500

Scintillation Counter.

Binding experiments with mutated GST-72b0

Polypeptides with mutations in GST-72b0 were purified

as described above for wildtype GST-72b022. Protein

concentrations were determined by SDS PAGE using

known amounts of lysozyme. 100 lL binding reactions

were assembled at room temperature in 50 mM Na-

phosphate, pH 7.4, 300 mM NaCl, 0.1% Tween 20,

1 mM 2-ME, 15 mM Imidazole (binding buffer) con-

taining up to 0.83 lg of wildtype GST-k72b0 or mutant

polypeptide and a fixed amount (0.8 to 1.0 lg; 0.3 to

0.4 lM) of purified Trx-H68e0. Samples were incu-

bated over night at 4�C, mixed with Ni-NTA Magnetic

Agarose beads and processed as described above.

For the competition experiments 8 nM of Thx-

H68e0, 1 nM of 32P-labeled GST-k72b0, and increasing

amounts of the various competitor GST-72b0 mutant

polypeptides were incubated for one hour on ice. Ni-

NTA Magnetic Agarose beads were added, and incuba-

tion was continued on ice with gentle mixing every

15 min. Unbound polypeptides were removed in the

magnetic field, the beads were washed with binding

buffer, and the bound material was eluted in 250 mM

imidazol buffer and its radioactivity was measured as

described above.

Comparative sequence analysis of SRP68

and SRP72
Sets of representative sequences were used as input to

a series of PERL scripts to identify SRP68 and SRP72

homologs in the NCBI databases.31 Sequences were

aligned using MUSCLE32 followed by manual adjust-

ments in Jalview.33 The updated full and representa-

tive SRP68 and SRP72 alignments are available

at http://rnp.uthct.edu/rnp/SRPDB/srpprotein.html.

Consensus secondary structures were predicted with

using Jpred 3.34 Protein sequence logos were prepared

using the interface at http://weblogo.berkeley.edu/

logo.cgi.
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