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Summary
Hsp40s play an essential role in protein metabolism by regulating the polypeptide binding and release
cycle of Hsp70. The Hsp40 family is large and specialized family members direct Hsp70 to perform
highly specific tasks. Type I and Type II Hsp40s, such as yeast Ydj1 and Sis1, are homodimers that
dictate functions of cytosolic Hsp70, but how they do so is unclear. Type I Hsp40s contain a conserved
centrally located Cysteine-rich domain that is replaced by a Glycine and Methionine rich region in
Type II Hsp40s, but the mechanism by which these unique domains influence Hsp40 structure and
function is unknown. This is the case because high-resolution structures of full-length forms of these
Hsp40s have not been solved. To fill this void we built low-resolution models of the quaternary
structure of Ydj1 and Sis1 with information obtained from biophysical measurements of protein
shape, small angle X-ray scattering and ab initio protein modeling. Low resolution models were also
calculated for the chimeric Hsp40s YSY and SYS, in which the central domains of Ydj1 and Sis1
were exchanged. Similar to their human homologs, Ydj1 and Sis1 each has a unique shape with major
structural differences apparently being the orientation of the J-domains relative to the long axis of
the dimers. Central domain swapping in YSY and SYS correlates with the switched ability of YSY
and SYS to perform unique functions of Sis1 and Ydj1, respectively. Models for the mechanism by
which the conserved Cysteine-rich domain and Glycine and Methionine rich region confer structural
and functional specificity to Type I and Type II Hsp40s are discussed.
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Introduction
Proteins belonging to the 40 kDa heat shock (Hsp40) family protect cells from proteotoxic
stress by suppressing protein aggregation and repairing stress damaged proteins 1,2. Hsp40s
also play an important role in facilitating folding of nascent polypeptides, protein translocation
across membrane and protein degradation 2–4. Hsp40s act through stimulating ATP-dependent
polypeptide binding by Hsp70 5–8. In addition, Hsp40 proteins act independently as
chaperones to bind and deliver specific clients to the Hsp70 polypeptide-binding site 9–11.
The Hsp40 family is large and Hsp70 action is specified through the formation of specific pairs
with different Hsp40s 3.

All members of the Hsp40 protein family contain an N-terminal J-domain that is responsible
for stimulating Hsp70 ATPase activity and stabilizing complexes between Hsp70 and
polypeptides 12. The J-domain was first identified in the Escherichia coli DnaJ 13, which also
contains a Glycine and Phenylalanine-rich (G/F) region, a Cysteine (Cys)-rich domain and a
C-terminal region. However, not all Hsp40s contain a G/F region or a Cys-rich domain and
Hsp40s sub-types are sorted by the presence or absence of these motifs 3. Type I Hsp40 proteins
(e.g. Escherichia coli DnaJ, Ydj1, human DJA1) contain a J-domain, the G/F region, and
several Cys-rich repeats. Yet Type II Hsp40s (e.g. Sis1, human DJB4) contain a J-domain and
a G/F-rich region, but a Glycine and Methionine (Gly/Met) rich region has replaced the Cys-
rich domains (Fig. 1).

Studies on yeast and human Hsp40s demonstrate that Type I and Type II Hsp40s stimulate
Hsp70 ATPase activity to the same degree, but interact with Hsp70 to fold proteins with
different efficiencies 14–17. The yeast Type I Hsp40 Ydj1 functions independent of Hsp70 to
suppress protein aggregation 10, whereas the Type II Hsp40 Sis1 can hold non-native proteins
in a folding competent state, but needs to interact with Hsp70 to suppress protein aggregation
16. Differences in the protein folding activity of Type I and Type II Hsp40s appear to influence
the ability of Hsp70 in promoting the biogenesis of different cellular substrates.

Ydj1 assists Hsp70 in facilitating the post-translational translocation of proteins from the
cytosol into organelles 18. In contrast, Sis1 is found in association with translating ribosomes
and is linked to the assembly of translation initiation complexes 19. Moreover, Sis1 is an
essential protein and the lethal phenotype of sis1Δ strains cannot be complemented by Ydj1
20. However, high levels of Sis1 can suppress the slow-growth phenotype of ydj1Δ 21.

In addition, Ydj1 and Sis1 are also observed to play different roles in pathways for the assembly
of amyloid-like yeast prions. [URE3] is a yeast epigenetic factor that represents the infectious
prion form of Ure2p 22. The [URE3] prion phenotype can be cured by the overexpression of
Ydj1 23, but not Sis1. Ydj1 acts by directly binding Ure2 to inhibit amyloid fibril formation
24. In contrast, Sis1, but not Ydj1, is essential for propagation of the yeast prion [RNQ+] and
Sis1 binds [RNQ+] prions to promote amyloid-like fibril formation 25,26.

To test the hypothesis that Type I and Type II Hsp40 function is specificed by the
aforementioned conserved centrally located protein modules, chimeric forms of Ydj1 and Sis1,
YSY and SYS, were constructed 27. The central modules of Ydj1 and Sis1 were found to be
exchangeable and sufficient to specify the functions of YSY and SYS 27. The swapped central
domain of Ydj1 contains a polypeptide binding site that lies adjacent to the Cys-rich domain
28. Likewise, the G/M rich region of Sis1 lies adjacent to the Sis1 polypeptide-binding site
29. Ydj1 and Sis1 exhibit overlapping substrate specificity in that both can bind peptides
enriched in aromatic amino acids 27. Yet, Ydj1 and Sis1 select distinct sets of peptides from
phage peptide display libraries and the binding selectivity of YSY and SYS is swapped 27.
Thus, it appears that differences in substrate specificity influence the functional specificity of
Type I and Type II Hsp40s. However, the mechanism for Hsp40 function is complex and factors
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in addition to substrate binding selectivity influence the functions of different family members
18,26,30.

A recent advance in our understanding of Type I and Type II Hsp40 function comes from low
resolution models of the quaternary structure of full length forms of the human Type I Hsp40
DJA1 and the Type II Hsp40 DJB4 31. These models depict Type I and Type II Hsp40s as
homodimers that have noticeably different quaternary structures: DJA1 contains two fairly
asymmetrical monomers occupying an elongated conformational space. DJB4 was reported as
having N-termini with a different arrangement than DJA1 in which the J-domains pointed away
from the compact C-termini core responsible for dimerization 31. The structures of the region
that bind peptides in Type I and Type II Hsp40s are very similar and do not appear to influence
the shape of Hsp40s. Therefore, we reasoned that the Cys-rich region and Gly/Met domain that
are adjacent to the polypeptide binding sites of Type I and Type II family members act to
control aspects of Hsp40 quaternary structure.

To define the features that control the quaternary structures of Type I and Type II Hsp40s we
performed SAXS and analytical ultracentrifugation analysis on Ydj1, Sis1, YSY, and SYS.
Our findings demonstrate that the quaternary structures of Type I and Type II Hsp40s are
conserved from yeast to humans. In addition, we showed that the YSY and SYS chimeras,
which contained swapped central modules and function, also presented exchanged quaternary
structure. These results indicate that Type I and Type II Hsp40s have different quaternary
structures that are regulated by the Cys-rich region and Gly/Met-rich region unique to each
Hsp40 sub-type.

Results
Protein preparation and spectroscopic analysis

Ydj1, Sis1, YSY and SYS were overexpressed in E. coli and purified from the supernatant of
cell extracts. Then we carried out a biophysical characterization of the basic properties of these
Hsp40s. Circular dichroism (Fig. 2A) and gel filtration chromatography (data not shown)
showed that these proteins behaved as a single species and were properly folded (Fig. 2A).
Emission fluorescence spectroscopy was used to access the environment of Trp residues and
as probe for local folding (Fig. 2B and Table 1). Sis1 has one Trp at position 224 and Ydj1 has
one Trp at position 292, and due to the shuffling construction SYS has none and YSY has two
Trp residues, both from Sis1 and Ydj1, at positions 223 and 292, respectively (Fig. 1A). The
emission fluorescence spectrum of Sis1 had a maximum intensity at 344 nm with center of
mass of 353 nm (Fig. 2B and Table 1) indicating that the Trp was mainly exposed to the solvent.
The emission fluorescence spectrum of Ydj1 had a maximum intensity at 330 nm with center
of mass of 341 nm (Fig. 2B and Table 1) indicating that the Trp was well buried. Curiously,
the emission fluorescence spectrum of YSY had a maximum intensity at 338 nm with center
of mass of 349 nm (Fig. 2B and Table 1). Since the observed fluorescence spectrum is a sum
of each Trp fluorescence spectrum, the emission spectrum of YSY reflects the average
evaluation of each Trp environment. We suggest that YSY W223 was the residue exposed to
the solvent and YSY W292 was the residue buried, however further experimental evidence is
necessary to prove it.

Anaylsis of the shape of chimeric Hsp40s by analytical ultracentrifugation
The molecular mass and shape of Ydj1 and Sis1 were compared to that of YSY and SYS in
sedimentation velocity experiments 32–34 (and references therein). The standard
sedimentation coefficients (s20w) for Hsp40s at different concentrations was used to estimate
the s20w at 0 mg/ml protein concentration (s0,20w) by extrapolation (Fig. 3). This procedure
minimizes interference caused by temperature, viscosity solution, and molecular crowding.
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Therefore, the values obtained for s0,20w can be used to compare one yeast Hsp40 protein with
the other and with the human Hsp40 proteins 31. The results obtained were: Ydj1 had s0,20w
of 4.57+/−0.22 S; Sis1 had s0,20w of 3.46+/−0.13 S; SYS had s0,20w of 4.65+/−0.20 S; and
YSY had s0,20w of 3.40+/−0.19 S (Table 2). As expected for proteins with homologous
function, the data obtained for the yeast Type I Ydj1 and Type II Sis1, were in good agreement
with those previously determined for the human Type I DJA1 ( s0,20w of 4.63 S) and Type II
Hsp40 DJB4 (s0,20w of 3.78 S) 31. Importantly, the chimeric mutants SYS and YSY had
s0,20w similar to those of Ydj1 and Sis1, respectively (Table 2).

Analysis of the Type I and Type II Hsp40 quaternary structure by small-angle X-ray scattering
(SAXS)

SAXS experiments provide data that allow the calculation of a protein radius of gyration (Rg)
and maximum diameter (Dmax) from which its overall shape can be inferred. The molecular
mass can also be estimated from the X-ray scattering data. The quality of the parameters
provided by this technique is greatly improved by the use of a synchrotron source. The best fit
of the experimental data, obtained applying Indirect Fourier Transformation (IFT) methods
leads to the calculation of the pair distance distribution function p(r). This real space function,
together with the Kratky plot representation of the intensity (I.q2 × q), give further information
on the shape and compactness of the proteins under study.

Results from the fitted experimental intensities for the respective Type I and Type II Hsp40s
are presented in Fig. 4A. The p(r) functions in Fig. 4B show estimated maximum dimensions
of about 200 Å and prove that the proteins share an elongated structure. Kratky plots are
presented in Figures 4C and summarized in Table 1. In addition, calculated molecular masses
corresponded to dimers. Maximum dimensions of nearly 200 Å can also be estimated from the
p (r) functions. Differences in the values of the radius of gyration and in the profile of the p(r)
functions indicated distinct conformational shapes.

Low resolution three dimensional models based on the experimental data can be obtained using
specific software packages containing several types of ab initio routines. Although these
methods do not lead to a unique solution, the resulting molecular envelopes give a reasonable
indication of the protein shape. Since shape results for the four proteins under study tended to
agree with previous structural information on proteins from the Hsp40 family, the dummy atom
model approach was used to generate ab-initio 3D models using a C2 symmetry constraint.
The models generated by this method are represented by gray mesh in the density maps in Fig.
5 (panels A–D). In each of these panels, the fit of the low resolution models to the experimental
curves is shown alongside the molecular envelope.

When atomic resolution structures of certain protein fragments or domains (obtained by
crystallographic or NMR methods) are available, they can be aligned and superimposed on the
low resolution map using rigid-body calculations. The degree of agreement between the
composed domain arrangement and the molecular envelope depends, to a large extent, on
symmetry conditions imposed, position constraints and resolution of the experimental data. To
produce the atomic structure models that could be superimposed on the respective envelopes,
the position of the high-resolution structure domains of Ydj1 or Sis1 as presented in Fig. 1
were kept fixed and the missing loops were generated. Domains were positioned using the
program MASSHA 35; and a C2 axis was assumed in all cases. The missing loops connecting
the high-resolution structures were generated using the program BUNCH36. These models are
shown in each of the 5(A–D) panels, complementing the structural information obtained for
each of the proteins studied. Although the resulting 3D models should be considered as a rough
approximation of the molecular arrangement of the domains for the quaternary structure,
interesting details can be inferred.
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The Type I Hsp40 Ydj1 has a fairly compact structure in which two asymmetric monomers
are closely assembled (as shown in panel 5A). On the other hand, Type II Hsp40 Sis1 has N-
termini with a completely different arrangement in which they point away from the compact
C-termini core responsible for dimerization (panel 5B). The models generated for the chimeric
proteins showed that SYS had a quaternary structure similar to that of Ydj1 while YSY had a
quaternary structure similar to that of Sis1 (panels 5C and 5D). These results demonstrate that
the conserved central modules, which are unique to Type I and Type II Hsp40s, have a major
influence on determination of Hsp40 quaternary structure. SYS contains residues 101–255 of
Ydj1 flanked by residues 1–121 and 258–352 of Sis1 and has quaternary structure similar to
that of Ydj1. Therefore, structural elements formed by residues 101–255 in Ydj1 have a key
role in the assembly of the Ydj1 monomers and control orientation of the J domains (panel
5C). YSY contains residues 108–257 of Sis1 flanked by residues 1–105 and 256–409 of Ydj1
and has quaternary structure similar to that of Sis1. Thus, residues 108–257 of Sis1 play an
important function in maintaining the quaternary structure in a format where the J domains
point away from the compact C-terminal core (panel 5D). The orientation of the J-domains in
both Type I and Type II Hsp40s appears dynamic.

SAXS is one of the few structural methods applicable to the study of macromolecules with
various degrees of flexibility, because the total intensity results from the autocorrelation
function of the particle and in this way flexible domains also contribute to the final measured
X-ray scattering. So, even with the loss of information related to the orientation of the J-domain,
an ensemble averaging of the particles in solution gives information about these domains that
has not been accessible in previous crystallographic studies.

Discussion
The low-resolution models presented for the quaternary structures of Ydj1, Sis1, YSY and
SYS demonstrate that the shape of Type I and Type II Hsp40s are very different. The chimeric
Hsp40s YSY and SYS have a quaternary structure that resembles that of Sis1 and Ydj1,
respectively. Since the functional specificity of YSY and SYS mimics that of Sis1 and Yd1,
respectively, the domains that control the quaternary structure of Type I and Type II Hsp40
play a role in the specification of Hsp40 function.

The low-resolution models for Type I and Type II Hsp40s obtained via SAXS analysis are
important because there is currently no high-resolution information on full-length forms of
these proteins. The generation of these models was aided by high-resolution information on
fragments of both YdJ1 and Sis1 28,29,37 (Fig 1). Since Sis1 and Ydj1 have similar structure
at the C-termini and are highly identical at the J domain (Fig. 1A), the difference in quaternary
structure is likely to be coded by conserved regions of lower similarity in the central modules.
This hypothesis is reinforced by the results shown here, namely that switching either residues
101–255 of Ydj1 or residues 108–257 of Sis1 is enough to change the quaternary structure.
The Cys-rich region in YdJ1 and the Gly/Met region in Sis1 are potential candidates to encode
the information which results in different quaternary structure and hence in a difference in the
relative position of the J domains.

The Cys-rich on adjacent monomers of Ydj1 may make contact with each other and thereby
increase the distance between the CTDI, which contains hydrophobic depressions that are
implicated in substrate binding and interaction with Hsp70 37,38. The Cys-rich region is not
present in the central domain of Sis1, and its absence is likely to account for the decrease in
space between CTDI on Sis1 monomers. Differences in the distance between CTDI and the J
domain of Hsp40 monomers may account for some of the observed differences in chaperone
function exhibited by Type I and Type II Hsp40s.
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A surprising feature of the Hsp40 models generated relates to the differences in the orientation
of the J-domain of Ydj1 and Sis1 relative to the long axis of the C-terminal regions in the Hsp40
dimers. The J-domain of Ydj1 is proposed to lie along the molecular long-axis, whereas the
Sis1 J-domain is oriented in a crosswise direction. The ability of the J-domain to interact with
Hsp70 is regulated through interaction with regulatory factors and through dimerization with
pseudo-J proteins 39–42. The Ydj1 model suggests that its J-domains may form homodimers,
whereas the Sis1 J-domains appear to be monomeric. Type I Hsp40s are several fold more
active than Type II Hsp40s at assisting Hsp70 in refolding model proteins 43. It is therefore
possible that differences in the ability of the J-domains of Ydj1 and Sis1 to interact with Hsp70
in the context of protein folding contributes to the observed differences in co-chaperone activity
of Type I and Type II Hsp40s.

It is also interesting to note that fragments of E. coli DnaJ that contain the Cys-rich region are
capable of directly interacting with at least some nonnative proteins 44 and the V-shaped groove
present in this region seems to be involved in protein-protein interactions 45. Thus, it is possible
that the Cys-rich region and the hydrophobic depressions in CTDI form a surface that
contributes to the polypeptide binding activity of Type I Hsp40. The absence of such a surface
in Type II Hsp40s would also help explain differences in the polypeptide binding activity of
Ydj1 and Sis1. However, regulation of Hsp70 action is a complicated process and so it is likely
that the shape of Type I and Type II are not the only factors that dictate Hsp40 action. It may
well be that the combined action of the central modules, the J-domain and regions in the C-
terminus act to specify the Hsp40 chaperone function.

Materials and Methods
Protein preparation

Cloning and purification of yeast Ydj1 and Sis1, YSY and SYS were as previously described
27. The proteins were further purified by loading them into a HiLoad Superdex 200pg 26/60
molecular exclusion column (GE Healthcare) followed by inspection by SDS-PAGE. All
buffers used were of chemical grade and were filtered before use to avoid scattering from small
particles. Protein concentration measurements were done by the Edelhoch procedure 46, a
method that relies on the absorbance of Trp and Tyr residues of proteins unfolded by high
amount of denaturant 47.

Fluorescence and circular dichroism spectroscopy
Fluorescence experiments were performed with an Aminco Bowman® Series 2 (Slm-Aminco)
fluorimeter using quartz cells of 1 cm optical path length with excitation at 295 nm and
bandpass of 2 nm and with emission from 310–420 nm and bandpass of 8 nm. Concentrations
were 20 to 80 µM in buffer 25 mM Tris-HCl, pH 7.5, containing 500 mM NaCl. The intrinsic
emission fluorescence data were analyzed either by their emission maxima wavelength or by
their spectral center of mass (<λ>) as described by the equation below:

(Equation 1)

where λi is each wavelength and Fi is the fluorescence intensity at λI 48. All data were analyzed
with the Origin software (Microcal).

CD spectra were recorded with a Jasco spectropolarimeter (Model J-810) with temperature
controlled by a Peltier Type Control System PFD 425S. All spectra were taken using quartz
cells of 1mm optical path length. Concentrations were 6 to 12 µM for spectra measurements
and 12 to 30µM for stability measurements using buffer 25 mM Tris-HCl, pH 7.5, containing
500 mM NaCl. The data were collected from 260 nm to 200 nm and accumulated 16–25 times.
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Thermal-induced unfolding was performed at a scan rate of 1°C/min in buffer 25 mM Tris-
HCl, pH 7.5, containin g 500 mM NaCl.

Analytical ultracentrifugation
Sedimentation velocity experiments were performed using a Beckman Optima XL-A analytical
ultracentrifuge and analyzed as previously described 31,49. Briefly, sedimentation velocity
experiments were performed at 6°C, at 25,0 00 and 30,000 rpm (AN-60Ti rotor), and with the
scan data acquisition at 230–280 nm. Proteins were tested in concentrations of 3.0 to 25.0 µM
in 25 mM Tris- HCl buffer, pH 7.5, containing 500 mM NaCl. Sedimentation velocity
experiments were done to measure hydrodynamic parameters of the proteins. This analysis
gives the sedimentation velocity coefficient s which is informative of the molecular mass and
shape of a macromolecule. The definition of the coefficient s and molecular parameters are
given by the Svedberg equation:

(Equation 2)

The software SedFit (Version 9.3) was used to fit the absorbance versus cell radius data. This
software solves the Lamm equation in order to discriminate the spreading of the sedimentation
boundary from diffusion 32,33. The software Sednterp
(www.jphilo.mailway.com/download.htm) was used to estimate the protein partial specific
volume at 6°C (Sis1 Vbar = 0.7284 mL/g; SYS Vbar = 0.7317 mL/g; Ydj1 Vbar = 0.7349 mL/
g; YSY Vbar = 0.7309 mL/g), buffer density (ρ= 1.02118 g/mL), and buffer viscosity (η= 1.567
×10−2 poise). The standard sedimentation coefficient (s20w) for each protein concentration was
then estimated using the following equation:

(Equation 3)

where T and B are experimental temperature and buffer conditions, respectively. A plot of
s20w versus protein concentration is used to estimate the s20w at 0 mg/mL protein concentration
(s0,20w) by extrapolation. This procedure minimizes interferences caused by temperature,
viscosity solution, and molecular crowding 34.

Small angle X-ray scattering
Experiments were performed at the SAXS beamline in the Laboratório Nacional de Luz
Síncrotron (LNLS), Campinas, Brazil using wavelength λ = 1.488 Å. The experimental setup
included a temperature-controlled, 1 mm thick sample cell with mica windows and a linear
position-sensitive detector. The samples were kept at 6°C during the exposures and data
acquisition was performed by taking several 600 s frames for each sample, allowing control
of possible radiation damage. The scattering intensity curves, I(q), were recorded using a linear
position sensitive X-ray detector. The measured q range (q = (4π/λ)sin(θ), λ = wavelength and
2θ = scattering angle) was 0.02 Å−1 < q < 0.20 Å−1. Protein concentrations varied from 0.8 to
7.0 mg/mL. However, since highly concentrated samples showed a tendency to aggregate, only
the data from more diluted samples (<3mg/ml) were used in the calculations. For these samples
a series of concentrations showed that there was no aggregation or particle interaction effects
on the SAXS data. Guinier plots corresponding to the intensity data used for further calculations
are included as an inset in Fig. 4A. Scattering intensities were treated with the software package
TRAT1D 50 including usual corrections for detector homogeneity, incident beam intensity,
sample absorption, blank subtraction, and intensities average. The output of this software
provided the corrected experimental intensities and error values.

Curve-fitting and desmearing of experimental effects for the data was done using the Indirect
Fourier Transformation Method (IFT) included in the GNOM software package 51. This
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program performs the theoretical fit of the scattering intensity and also calculates the pair
distance distribution function − p(r) curve. From this function we obtained the radius of
gyration Rg of the scattering particle and also its particle maximum dimension Dmax. The
Kratky plot (Iq 2 × q), which gives information about compactness 52 and conformational
shape of a protein and domains 53, was also calculated.

Model calculations were performed to retrieve details about the protein shape and conformation
by using ab initio dummy atom modeling 54 from which an approximation for the general
shape of the proteins in solution was obtained. The program routine uses a spherical
arrangement of close packed spherical beads and a simulated annealing optimization algorithm
to search the subset of beads that provides the best fit to the experimental data.

Because ab initio SAXS modeling does not give one unique solution, we also tried to retrieve
the most probable configuration of the protein structure from an average of the resulting ab
initio models using the program DAMAVER 55. In this procedure the models were compared
to each other by the alignment program SUBCOMP 56 and those that had high similarity were
averaged. The most probable configuration was space-filled with a close packing of spheres.

The crystallographic structures of the domains (Fig.1) were positioned on the ab initio density
map in a fixed location and a dimer was obtained applying a C2 symmetry. The arrangement
of the regions from which high resolution structural information is missing was generated using
the dummy chain model approach 36. Although intrinsically limited the structural models of
these regions gave insights about the final shape of the quaternary structure.

Abbreviations used
Hsp, heat shock protein; SAXS, small angle X-ray scattering; AUC, analytical
ultracentrifugation; CD, circular dichroism; SDS-PAGE, sodium dodecil sulphate
polyacrylamide gel electrophoresis.
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Figure 1. Sis1 and Ydj1 domain disposition
A) Homology comparison of the amino acid sequences of Sis1 and Ydj1. Domains are
indicated. The alignment was done with the help of the software LALIGN 57 and information
from 23. The chimeric mutants have the following structure: YSY: Ydj1 1–105, Sis1 108–257
and YdJ1 256–409; SYS: Sis1 1–121, Ydj1 101–255 and Sis1 258–352. The highly conserved
tripeptide of Histidine, Proline, and Aspartic acid (HPD motif) is shown in red, the 4 repeated
Cys-X-X-Cys-X-Gly-X-Gly motifs are shown in green and the Trp residues are shown in blue.
B) Schematic representation of Sis1 and Ydj1 domains and known high-resolution structures.
PDB accession numbers: 2O37 (blue, residues 1–81), 1C3G (green, residues 180–349 29),
1NLT (black, residues 103–350 37), 1XAO (red, residues 253–381, monomer 28).

Ramos et al. Page 13

J Mol Biol. Author manuscript; available in PMC 2009 October 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Ramos et al. Page 14

J Mol Biol. Author manuscript; available in PMC 2009 October 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
A) Circular dichroism spectroscopy. CD spectra were recorded with a Jasco
spectropolarimeter (Model J-810) with temperature controlled by a Peltier Type Control
System PFD 425S. The data were collected from 260 nm to 200 nm and accumulated 16–25
times. The resultant spectra corresponded to that of folded proteins. B) Emission fluorescence
spectroscopy. Emission fluorescence spectra were measured with an Aminco Bowman®
Series 2 (Slm-Aminco) fluorimeter. A.U., arbitrary units. The emission fluorescence spectrum
of Sis1 had a maximum intensity at 344 nm with center of mass of 353 nm. The emission
fluorescence spectrum of Ydj1 had a maximum intensity at 330 nm with center of mass of 341
nm. The emission fluorescence spectrum of YSY had a maximum intensity at 338 nm with
center of mass of 349 nm. Ydj1 is labeled YDJ and Sis1 is labeled as SIS.
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Figure 3. Sedimentation velocity experiments
Sedimentation velocity experiments were carried out at 6 °C, 25,000 and 30,000 rpm (AN-60Ti
rotor), with the scan data acquisition at 230–280 nm. Proteins were tested in concentrations of
3 to 25 µM in 25 mM Tris-HCl buffer, pH 7.5, containing 500 mM NaCl. The figure shows
plots of s20,w versus protein concentrations fitted with a straight line to calculate the s0

20,w.
Ydj1 had s0,20w of 4.57+/−0.22, Sis1 of 3.46+/−0.13, SYS of 4.65+/−0.20, and YSY of 3.40
+/−0.19. Ydj1 is labeled YDJ and Sis1 is labeled as SIS.
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Figure 4. Small-angle X-ray scattering data and calculations
(A) Experimental scattering intensities and curve fitting performed with GNOM software.
(B) Pair distance distribution functions p(r) indicating elongated shapes. (C) Kratky plots
representation of the intensities. Ydj1 is labeled YDJ and Sis1 is labeled as SIS.
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Figure 5. (panels A–D) Low-resolution models generated from SAXS data and molecular modeling
(A) Ydj1, (B) Sis1, (C) SYS, (D) YSY. Each panel shows (i) the low resolution envelope
calculated using dummy atom modeling routines represented by a gray surface mesh, (ii) the
calculated intensity curve for the model and its fitting to the experimental data, and (iii) the
arrangement of domains of known atomic structure superimposed on the low resolution
calculated envelope. See Fig. 1B for details and colors of the amino acid sequences of the
chimeric mutants. The links generated to fill the gaps between the high resolution fragments
are shown in yellow.
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Table 1
Biophysical parameters.

Sis1 Ydj1 YSY SYS
Emission fluorescence
maximum wavelength (nm)

344+/−1 330+/−1 338+/−1 -

Emission fluorescence
spectral center of mass (nm)

353+/−1 341+/−1 349+/−1 -

s0
20,w (S) AUCa 3.46+/−0.13 4.57+/−0.22 3.40+/−0.19 4.65+/−0.20

Radius of gyration (Å) SAXSb 51+/−2 60+/−2 50+/−2 54+/−1
Maximum dimension (Å)
SAXSb

~200 ~220 ~190 ~200

Molecular mass (kDa) SAXSb ~36 ~47 ~50 ~55
Molecular mass (kDa)
predictedc

37.6 44.7 43.8 40.4

a
AUC, from analytical ultracentrifugation

b
SAXS, from small angle X-ray scattering

c
for a dimer from the amino acid content.
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