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ABSTRACT. We have characterized two homologous, single-point core mutants of a 57-residue, hyper-
thermophilic variant of the B1 domain of protein G (HTB1). These single-point mutations in HTB1 replace

a Phe residue in the hydrophobic core with either a Glu or Asp residue. Both of these homologous core-
variant mutants undergo significant structural rearrangement from the native, monomeric fold and exist
as stable soluble oligomeric species of 5 and 30 nm in diameter. Gel-filtration, dynamic light scattering,
circular dichroism spectroscopy, fluorescence spectroscopy, along with Congo Red and Thioflavin T binding
clearly demonstrated that these core-variants undergo significant structural rearrangement from the native,
monomeric ubiquitin fold. The two oligomeric species did not equilibrate over extended periods of time
and displayed distinct secondary structures. The larger of the two species was found to possess structural
features that are reminiscent of an emerging class of protein assemblies prgrghéet-mediated
aggregation. These results are significant as there are very few examples of extensive conformational or
oligomerization switching brought about by single-point mutations in a stable protein-fold.

Self-assembly or oligomerization is a fundamental or- and polyglutamineX5). All these recent examples of soluble
ganizing force in both biological and nonbiological systems oligomers point to the need for the continued identification
(1, 2) and is observed in the organization of cellular and biophysical characterization of proteins that are capable
membranes and in the exquisite architecture of viral capsids.of assembling into soluble oligomers. In this paper, we
Self-assembly has also been implicated in amyloidogenic present the biophysical characterization of soluble oligomers
diseases, where many proteins can form homooligomers thatrom two homologous single-point core mutations in a
adopt-sheet-rich fibrillar structure3; 4). A newly char- hyperthermophilic variant of the B1 domain of protein G
acterized self-assembling structure is that of large spherical(Figure 1).

oligomers (soluble oligomers) of over 5 nm in diameter,  The immunoglobulin-binding domain B1 of the strepto-
which have been observed in the heterogeneous assembliegoccal protein G is one of the most extensively utilized model
identified in small heat-shock proteins, amelogenin and ring systems for protein folding and desigh6(-24). The B1
domain proteins. The small heat shock proteins, suek¥as  domain belongs to the ubiquitin superfamily and contains
or oB-crystallin, form conformationally flexible soluble  an o-helix that lies across a four-strand@esheet (Figure
oligomers ranging from 8 to 20 nmbS), whereas the 1) (25, 26). Gronenborn and co-workers have recently shown
amelogenins form larger assemblies of- 7® nm dependent  that five core mutations in the B1 domain result in the
upon temperature6( 7). The zinc binding, RING-domain  formation of domain swapped tetrameg¥), whereas four
proteins such as BRCA1 assemble into heterogeneous solubl@ore mutations result in domain swapped dim&@8 @9).
oligomers of 50 nm in diameter, which form functional ~Another protein with a similar fold, the B1 domain of protein
polyvalent scaffolds for protein presentatiad} ©). More L, has been shown by Baker and co-workers to form domain
recently, a non-RING-domain zinc binding 98-amino acid swapped dimeric structure3(). Regan and co-workers have
E7 viral oncoprotein of HPV16, has been shown to assemble a|so identified destabilized mutants of the B1 domain that
into spherical oligomers of 50 nm in diametetQJ. On form amyloid like fibrils (31, 32). However, no spherical
another front, soluble oligomeric intermediates=o4 nm oligomers of the B1 mutants or the ubiquitin fold family
diameter that are implicated in the cellular toxicity of have been reported to date.

amyloidogenic proteins has also emerged as an active The B1 domain of protein G has been computationally
research areal(—14). Anti-amyloid antibodies have been redesigned by Mayo and co-workers to afford a hyper-
identified that specifically recognize the common oligomeric nermostable variant (HTB1) by the incorporation of six
f-sheet-rich structure of a variety of self-assembling proteins i tations (Figure 1), which has resulted in stabilization over

including amyloidg, a-synuclein, prion-35, human insulin, e parent by 4.3 kcal/mol. Starting with the HTB1 variant
of B1, we creatd a 5 position core library (Figure 1) in an
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A}

D) HTE1 TFKLIINGKTLKGEITIEAVDAAEAEKIFKQYANDNGIDGEWTYDDATKTETVTE
HTB1D TFKLIINGKTLKGEITIEAVDAAEAEKIDKQYRNDNGIDGEWTYDDATKTEFTVTE
HTBlE TFKLIINGKTLKGEITIEAVDAAEAEKIEKQYANDNGIDGEWTYDDATKTFTVTE

E) wr B1 TYKLILNGKTLKGETTTEAVDAAEAEKVEKQYANDNGVDGEWTYDDATKTEFTVTE
TetBl TYKVILNGKTLKGETTTEAVDAAEFEKVVKQFFNDNGVDGEWTYDDATKTFTVTE
DimBl TYKVILNGKTLKGETTTEAVDAAEAEKVVKQFFNDNGVDGEWTYDDATKTFTVTE

Ficure 1: (A) Ribbon model of HTB1 showing site of the single Glu mutation in red and the randomized residues in blue. (B) CPK model
of HTB1 showing site of Glu mutation (red) in same orientation as in A and (C) shows the model rotatec liy tt0plane of the paper.

(D) Sequences of HTB1, HTB1D, and HTB1E showing sites of mutation in red and nonmutated sites in blue. The amino acids in bold are
the differences between HTB1 and the wild-type B1 (WT B1). (E) The sequences of WT B1, tetrameric (TetB1), and dimeric B1 (DimB1)
variants are shown below for comparison. The core mutations are in orange and nonmutated sites in bold.

place of a Phe (Figure 1). Both these mutations arose chia coli DNA polymerase I. The insert was purified and
spontaneously and were not encoded in our starting library, subsequently digested with Not | and Pst | and cloned into
prompting us to further investigate the physical properties a pCANTAB-5E vector containing the digested parent HTB1.
of these variants. In the present work, we present circular After electroporation of XL-1 blue cells, the total library size
dichroism, fluorescence, histological dye binding, and dy- was 6.3x 1CP. During the course of ongoing metal and small
namic light scattering on the homologous HTB1 core molecule binding experiments, two phagemid clones were
mutants. Our results clearly demonstrate that these singlerepeatedly identified that corresponded to spontaneous muta-
homologous mutations that substitute an acidic residue intions of either Glu (HTB1E) or Asp (HTB1D) at position
place of a buried hydrophobic residue result in the formation Phe31. The repeated identification of these two homologous
of discrete soluble oligomers of either 5 or 30 nm in size. single-point mutations lead us to further investigate their
The stable soluble oligomers of 30 nm in diameter are structure.

capable of Thioflavin T and Congo Red binding and are  Cloning, Expression, and Purification of HTB1, HTB1D,
reminiscent of an emerging class of proteins that undergoand HTB1EThe parent HTB1 and selected mutants HTB1D

p-sheet-mediated oligomerization. and HTB1E were PCR amplified out of pPCANTAB-5E using
designed primers with appropriate restriction sites and an
MATERIALS AND METHODS N-terminal Genenase cleavage site for cloning into the 6xHis-

tag expression vector pQE-30. The designed primers were
obtained from IDT.

Forward primer: cgcggatccgcagctcattatatgaccttcaagcttat-
catcaac

Reverse primer: gtatctcccgggctattcggtaacggtgaaggttttg

HTB1, HTB1D, and HTB1E were then grown in XL-1
Blue E. coli and induced with 1 mM IPTG (isopropyl
p-thiogalactoside). The soluble fraction from the cell lysate
was bound to nickel agarose resin in a 50 mMLINRO,
and 300 mM NacCl buffer at pH= 8.0. The proteins were
then washed and eluted with increasing imidazole concentra-
tions, with the mutants eluting at 500 mM imidazole. The
" IMAC purified proteins remained clear for 2 months at
room temperature or at4C. Gel filtration chromatography
was carried out on Superdex 75 HR 10/30 or a Superdex

HTB1 Library Design and ConstructiorA phagemid
library of HTB1 core mutants was prepared by cassette
mutagenesis in the pCANTAB-5E vector containing the
HTB1 protein construct33). The parent HTB1 was previ-
ously cloned into the pCANTAB vector between the Sfi |
and Not | sites, with a unique Pstl site incorporated in the
sequence allowing for facile cassette mutagenesis. The
library-containing cassette was constructed from two over-
lapping primers that covered the requisite codons corre-
sponding to positions Phe31, Ala35, Trp44, Phe53, and Val55
in HTB1. The synthesized oligonucleotide library contained
the NNS mixed codon set for positions 31, 44, 53, and 55
and the SHC mixed codon set for position 35, where N
corresponds to either G, C, A, or T; S corresponds to G or

C; and H corresponds to either A, T, or C. The primers were 200 HR 10/30 column attached to an Amersham EPLC

designed and obtained from IDT. system, in 20 mM Tris-HCl and 150 mM NaCl at pH7.4
Forward primer: gctgatgctgcagaageigaaaaaatcnnsaaacasi 100,M to 2 mM protein concentrations.

gtacshcaacgacaacggtatcgacggtgaannsacctacgacgacgctaccadgenanase Cleamge. The alternate conformation of the

gacc _ core mutations does not allow for Genenase-mediated
Reverse primer: gcatagtctagcggccegcttcggtsnnggtsnnggictitieavage of the His-tag at all conditions attempted, whereas
ggtagcgtcgtcgtagg the parent HTB1 is easily cleaved. Thus, all biophysical

The primers were extended to the full duplex by mutually studies were conducted in the presence of the His-tag for all
primed synthesis utilizing the Klenow fragmentBécheri- studied proteins, including HTB1, HTB1E, and HTB1D.
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The His-tag and Genenase cleavage site adds the amino acids A)
MRGSHHHHHHGSAAHY-MAQ before the amino acid
sequences shown in Figure 1.

MALDI Mass SpectroscopyALDI mass spectra were
acquired on Bruker Reflex-1ll MALDI/TOF. Purified protein
samples were dissolved in 50% EEN in H,O with 0.1%
TFA that contained either sinapinic acid or 2,5-dihydroxy-
benzoic acid as the matrix.

Dynamic Light Scatterinddynamic light scattering (DLS)
data of the mutants were recorded at°25in 20 mM Tris-
HCl and 150 mM NaCl (pH= 7.4) on a Malvern Instruments B)
Ltd. Zetasizer 3000HS. The concentration of the each sample
was 15-30uM; no adjustment of concentration was carried
out after gel filtration purification. Concentration was
calculated by taking the absorbance at 290 nm of a 1:10
dilution in 8 M guanidine-HCI using the calculated molar
absorptivity of 9530 M'cm 1. The absorbance spectra of
both a heated (93C, 10 min) and nonheated samples were
taken in triplicate.

Circular Dichroism SpectroscopyCircular dichroism
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measurements of HTB1, HTB1E, and HTB1D were taken Elution volume (mL)

at 15-30uM on a Aviv 62A-DS spectropolarimeter with a

0.1-cm path length in 20 mM Tris-HCI, 150 mM NaCl at C) HTBIE HTB1D
pH = 7.4 and 25°C. The proteins were neither diluted nor 8283 Da 8270 Da

concentrated prior to acquisition of the spectra, and concen-
trations were calculated as discussed above. The mean
residue ellipticity (MRE)= (6 * 10%(0.1 cm * [P] * n),
wheren is the number of residues, [P] is the monomer protein
concentration M), 6 is in units of (degree * ciAtdmol), |
and the spectra were acquired in a 0.1 cm path length cell.
Fluorescence Spectroscoffjuorescence emission spectra !
were taken on a Photon Technology International (PTI) ﬂ
spectrofluorometer with an excitation wavelength of 290 nm.

The excitation and emission slit widths were 2 and 4 nm, _JUL _ ,J‘J M

respectively. Measurements were taken at38uM in 20 s200 ' ac00 a200 8800

mM Tris-HCI and :!'50 m.M NaCl at_pH= 7.4 and 25°C. . FiGURE 2: Physical characterization of HTB1E and HTB1D. (A)

The fluorescence intensity was adjusted for concentration penaturing SDS PAGE analysis of HTB1 (lane 2); HTB1E (lane

of protein present in the sample. 3), and HTB1D (lane 4) with molecular weight markers in lane 1.

Thioflavin T Binding. 15-30 uM solutions of HTBL, (B) Gel-filtration chromatography of HTB1 and HTB1E on a

. . Superdex 75 HR 10/30 column. (C) MALDI mass spectrum of
HTB1E, and HTB1D in 20 mM Tris-HCl and 150 MM NaCl  \151E and HTB1D.

(pH = 7.4) were added to a thioflavin T solution for a final

concentration of %M protein and 25M thioflavin T. A corresponding to either GAG or GAC codons in place of
25 uM sample of aggregatef-amyloid (1-40) was used  he original TTC codon of Phe31 in the parent HTB1 were
as a reference standard. Readings were immediately takeRgpeatedly identified. Interestingly, besides mutations at
on the Photon Technology International (PTI) spectro- gmino acid position 31, the codon usage at all other
fluorometer with an excitation at 446 nm (4 nm excitation randomized sites corresponded to the parent HTB1. Since
and 8 nm emission slit widths). The fluorescence intensity o starting library does not incorporate the observed codons,
was adjusted for concentration of protein present in the {his syggests that the mutations corresponding to Phe31 to
sample. either Glu31 (HTB1E) or Asp31 (HTB1D) were spontaneous

Congo Red BindingTo 900xL of 15-30 uM solutions  and presented an opportunity for careful physiochemical
of the HTB1 mutants in 20 mM Tris-HCl and 150 mM NaCl  characterization.

(pH - 7.'4) was _added 10pL of a 50.”M Congo Red Physical Characterization of Core Mutants: SBPBAGE,
28'”;'1?2 '2nPisdv\;tflvlig(yg;ézﬁrg%eiﬁadm??;%ﬁi;ik?eﬁger Gel FiItratiqn C_hromatography, MALDI Mass Spectrome_try,
compared to a blank of Congo Red'prepared in the sameanOI IgG binding. HTB1E anc'j'HTBlD were both ea5|'ly
buffer system as the other samples expressed (36 mg/L) and pur_lfleq from the sqluble fraqtlons
' of XL-1 blue cells after sonication. Interestingly, neither
RESULTS protein was observed in the insoluble fractions, which would
have indicated possible aggregation driven inclusion body
Identification of HTB1 VariantsDuring ongoing studies  formation. Upon purification by metal-chelate chromatog-
involving the identification of small-molecule binding core raphy over a Ni-NTA column, both HTB1E and HTB1D
mutants of HTB1, two homologous single-point mutants were found to migrate anomalously by SBBAGE (Figure
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Ficure 3: Size exclusion chromatography of HTB1E and HTB1D. The core mutants HTB1D (A) and HTB1E (B) were purified on a
Superdex 200 HR 10/30 size exclusion column. After 1 week, none of the isolated species (HTB1D peakl (C), HTB1E peakl (D), HTB1D
peak2 (E), and HTB1E peak2 (F)) reequilibrated to the corresponding species.

2A) in comparison to the parent HTB1 protein. It was concentrations (Supporting Information). These results all
hypothesized that the mutants could possibly correspond topointed to significant structural rearrangement of HTB1 upon
a dimeric species. However, when the IMAC-purified a single-point core mutation.
HTB1E or HTB1D was subjected to gel filtration on a Gel-Filtration ChromatographyTo further characterize
Superdex 75 column with a molecular cutoff of 70 000 Da, the oligomeric species of both HTB1E and HTB1D, we
a single peak eluting at the void volume was observed, employed a gel-filtration column with a larger molecular
whereas the parent HTB1 eluted as a monomer (Figure 2B).weight cutoff (700 000 Da) and successfully separated two
The elution in the void volume suggested that HTB1E and oligomeric species (Figure 3 A,B). The relative ratios of the
HTB1D were larger than 70 000 Da rather than the putative oligomeric species corresponding to peakl (HTB1Ep1l) and
dimeric species observed by SBBAGE; however, pro- peak2 (HTB1Ep2) of HTB1E were found to be 1.6:1,
longed centrifugation at 60@alid not result in any observ-  whereas the relative ratios of the peaks corresponding to
able precipitation. The absence of any oligomer below 70 000 peakl (HTB1Dp1l) and peak2 (HTB1Dp2) of HTB1D were
Da suggests that dissociation constant for the oligomerizationfound to be 1.4:1. After separation of the sample, the peaks
of HTB1E and HTB1D must be below the micromolar corresponding to the two oligomers, either HTB1Epl and
concentration employed during repeated gel filtration trials. HTB1Ep2 or HTB1Dp1l and HTB1Dp2 were stored at room
Both proteins were further characterized by MALDI mass temperature and analyzed after 1 day or 1 week. Upon
spectrometry to verify their molecular weight and were found reinjection of the samples we found that there was almost
to correspond to their predicted molecular mass (Figure 2C).no observable equilibration of the two distinctly sized
Since these HTB1 variants contain His-tags, we attemptedoligomeric species under our experimental conditions (Figure
to cleave the His-tag with Genanase. Interestingly, Genanase8C—F). To further investigate the relative ratios of the two
easily cleaves the His-tag attached to the N-terminus of peaks, we refolded HTB1E at four different concentrations
HTB1, but the His-tags for both HTB1E and HTB1D could from 50 to 200uM, and quite surprisingly, we did not
not be cleaved under all conditions attempted. This lack of observe a concentration-dependent preference for either of
Genanase cleavage suggested that HTB1E and HTB1D existhe two observed oligomeric species (Figure 4). The relative
in a significantly different conformation than HTB1. To ratios of HTB1Epl and HTB1Ep2 were found to be constant
eliminate artifacts from the His-tag, HTB1 containing the under these conditions, suggesting that these oligomers may
His-tag was used as a control for all subsequent experimentsarise from distinct folding pathways that are equally con-
We also probed the capability of HTB1E and HTB1D to centration dependent.
bind the Fc portion of IgG by a functional test developed  To estimate the molecular weight of the two species, we
by Hellinga and co-workers. HTB1(Cys33) labeled with a generated a standard curve utilizing protein molecular weight
acrylodan binds the Fc region of IgG resulting in a strong standards (Supporting Information). The smaller of the two
increase in fluorescence34, 35). Control competition species, HTB1Ep2 and HTB1Dp2, were found to elute at
experiments showed that 30V HTB1 could out compete  molecular masses corresponding to 75 000 and 83 000 Da,
acrylodan-labeled-HTB1(Cys33) (aM) bound to Fc (3.5 respectively, assuming similar volumes to the standards.
uM). Utilizing this assay, we found that neither core mutants However the larger peak, HTB1Epl and HTB1Dpl, eluted
HTB1E or HTB1D had any measurable effect upon the in the void volume of the column that suggests a molecular
acrylodan-labeled-HTB1Fc complex at up to 3QuM mass larger than 700 000 Da (Table 1).
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081 O Peak? aggregation that is often observed in proteins prone to
807 OPeak2 ; i
Bool amyloidogenesis.
:9;-0:5 1 Circular Dichroism Spectroscopfoth oligomeric species
6 0.4 for HTB1D and HTB1E were characterized by far-Uv CD
__E_ 034 spectroscopy to establish whether the secondary structure of
] HTB1E and HTB1D was significantly different than that of
e o.; 0] e 11 the parent HTB1 protein (Figure 6). The CD spectra of peak2
50uM  100uM  150uM 200 uM of HTB1E and HTB1D both appear to be less structured
Concentration than the parent HTB1 protein as indicated by a 65% lower

FIGURE 4: Concentration dependence of oligomer distribution overall mean residue ellipticity at 222 nm compared to the
during protein refolding. HTB1D was refolded at various concen- parent HTB1. In comparison to peak2, the large soluble

trations and the resulting samples were analyzed by gel filtration gligomer corresponding to peakl of HTB1D and HTB1E
chromatography. Peaks corresponding to HTB1Dpl (gray) and : . S ;
HTB1Dp2 (white) were integrated and compared to obtain a relative both display significant minima at 218 nm, suggesting

ratio of the two oligomeric species. considerablgs-sheet structure. Compared to peakl, peak2
for both HTB1D and HTB1E appears to be less structured.
Table 1: Molecular Weight Determination via Gel Filtration Thus, both proteins with single residue mutations form two
Chromatography discrete soluble aggregates that appear to possess distinct
protein peak 1 (kDa) peak 2 (kDa) native (kDa) ~ Secondary structure.
HTB1 8.3 Fluorescence Spectroscofiyhe parent HTB1 and our two
HTB1E >700 75 variants contain a single tryptophan at position 44, which is
HTB1D >700 83 partially buried in the native structure (Figure 1). This

tryptophan provides a sensitive conformational probe for

Dynamic |_|ght ScatteringTo further Study the 0|igomer- Comparing the relative burial of this residue in the three
ization properties of these mutants, we turned to DLS, which Proteins (Figure 7). The fluorescence emission spectra of the
provides a convenient measure of particles in the 10 nm to two oligomeric species of HTB1E and HTB1D clearly show
5 um regime and has been an useful method for Studying that the tryptophan environment is dlStlnCtly different with
large soluble oligomers off-amyloid, small heat-shock an emission maximum centered at 3489 nm for the
proteins, ring-domain proteing;lactoglobulin, and the E7 ~ smaller oligomers and at 34845 nm for the larger
protein of HPV-16. DLS clearly showed (Figure 5) that the ©ligomers based upon center of spectral mass (Table 2).
soluble oligomers of both HTB1D and HTB1E form When compared to the tryptophan emission spectra of the
significantly large particles with two distinct size ranges that Parent HTB1 protein (348 nm), the emission spectra corre-
agree well with the results from gel-filtration chromatogra- sSponding to peak2 of both HTB1D and HTB1E mutants
phy. HTB1Ep1 has an average diameters centered at 34 nn@ppear to be similar (Figure 7) but considerably quenched,
and HTB1Ep2 has an average diameter centered at 5.6 nmPossibly by the nearby acidic mutation. In comparison to
Samples containing HTB1Dp1 showed similar size distribu- Peak2, the tryptophan emission in the larger oligomers,
tion to HTB1Ep1, with a average diameter of 25 nm, whereas corresponding to HTB1Dp1 and HTB1Epl, is blue-shifted
HTB1Dp2 was very similar in size to HTB1Ep2 with a Py 5 nm. This blue shift points to a more buried environment
diameter of 5.1 nm. DLS data was also acquired for fresh|y that is consistent with the ianeaSﬁeBheet structure seen
dialyzed samples of HTB1D and HTB1E along with samples in the circular dichroism spectra.
left standing at room temperature over a 4-week period and Thioflavin T and Congo Red Bindinglhe increase in
showed no change in size or oligomer distribution by DLS thioflavin T fluorescence emission upon excitation at 446
or gel-filtration chromatography. These results suggest thatnm is a sensitive probe for aggregafedheet structure and
these soluble particles do not undergo time-dependentis the method of choice for following in vitro amyloid
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Ficure 5: Dynamic light scattering of HTB1D and HTB1E. The volume-based populations of the isolated HTB1Dpl (A), HTB1Epl (B),
HTB1Dp2 (C), and HTB1Ep2 (D) are shown as determined by dynamic light scattering.
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Ficure 6: Far UV circular dichroism of HTB1D and HTB1E
species. The CD spectra of HTB1Dp2 (small red circles), HTB1Dpl
(large open red circles), HTB1Ep2 (small blue circles), and
HTB1Ep1 (large open blue circles) are shown with HTB1 (open
black circle).
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Ficure 7: The tryptophan fluorescence of HTB1D and HTBL1E.
(A) HTB1Dp1 (solid red), HTB1Dp2 (dashed maroon) tryptophan
fluorescence spectra compared to HTB1 (solid green). (B) HTB1Ep1
(solid blue) and HTB1Ep2 (dashed blue) compared to HTB1
(green). The excitation wavelength for all experiments was 290
nm.

320

Table 2: Center of Spectral Mdss

protein peak 1 (nm) peak 2 (nm) native (nm)
HTB1 348
HTB1E 344 349

HTB1D 345 349

a Center of spectral mass was calculate@ask= Y (viFi)/3 (Fi) were
F is the fluorescence intensity at a given wavelengjofer the range
300 < v < 400 nm.

aggregation. Similarly, the shift in absorbance in Congo Red
also provides proof ofi-sheet rich amyloid-like secondary
structure. To further study the structure of our mutants, we
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Ficure 8: Thioflavin T binding of HTB1D and HTB1E. Thioflavin
T-dependent fluorescence emission of (A) HTB1Dpl (open red
circles), HTB1Dp2 (solid red circles) as compared to HTB1 (dashed
black) andp-amyloid (black squares). Thioflavin T fluorescence
of (B) HTB1Ep1 (open blue circles), HTB1Ep2 (solid blue circles)
with HTB1 (dashed black) and-amyloid (black squares). Thio-
flavin T-dependent emission was monitored by excitation of 446
nm.
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Ficure 9: Congo Red binding. The graph shows the relative
increase in absorbance at 542 nm of each added oligomeric species
in comparison to Congo Red in buffer alone.

HTB1 and ThT controls (Figure 8). Furthermore, the change
in fluorescence for both of the larger oligomers was similar
to that observed for A-amyloid (1—40) fibrillar preparation
used as a control. In comparison to the larger soluble
oligomers, the smaller oligomers corresponding to HTB1Dp2
and HTB1Ep2 did not show thioflavin T binding, thus
pointing to distinct structural features for these species. The
change in Congo Red absorbance (Figure 9) followed similar
trends as the thioflavin T fluorescence changes, in that the
larger oligomers, HTB1Ep1l and HTB1Dpl, clearly bind

turned to thioflavin T fluorescence and Congo Red ab- Congo Red, whereas the smaller oligomers show no ap-
sorbance changes as it has been utilized for the Sphericabreciable Congo Red binding as compared to the parent

aggregates of the E7 protein of HPV-180[ and -lacto-
globulin (36). We envisioned that in our HTB1 mutant
system 5-sheet-mediated higher-order self-assembly might
be a reasonable pathway for the HTB1E and HTB1D to self-
assemble into the larger oligomeric assemblies. Both
HTB1Dpl and HTB1Epl showed similar ThT dependent

HTB1.

DISCUSSION

The B1 domain of protein G is one of the most extensively
characterized proteins and has served as the testing ground

fluorescence that was significantly stronger than the parentfor numerous studies in protein folding and design. The B1
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domain has been computationally redesigned to a hyper-about by the core mutation. Fluorescence emission spectra
thermostable variant (HTB1) by the incorporation of six core of the single tryptophan residue present in HTB1 and in the
mutations. Starting with the HTB1 variant of B1, we have two mutants, HTB1E and HTB1D, confirmed the significant
recently created a core library of all 20 amino acids in an structural rearrangement observed in the CD experiments.
effort to construct metal sensitive variants. The selection of The tryptophan fluorescence of both oligomeric species of
HTB1 variants from a 6.% 10° member library surprisingly =~ HTB1E and HTB1D was quenched in the mutants compared
resulted in only two homologous mutants at position 31 that to the parent HTB1. The smaller decameric oligomers,
arise from spontaneous mutations in the parent HTB1 proteinHTB1Ep2 and HTB1Dp2, showed a center of spectral mass
and are not encoded in our library. Spontaneous mutationsthat was within experimental error to that of the parent HTB1.
have often been observed in phage displ2g).(However, In comparison the larger oligomers, HTB1Ep1 and HTB1Dpl
the physical origins of the selective advantage of the mutants,showed a center of spectral mass that was significantly blue-
HTB1E or HTB1D, over the parent HTB1 are not apparent. shifted by 4 nm. This spectral shift suggests a distinctly
What is remarkable is that both spontaneous mutations aredifferent, possibly buried, tryptophan environment for the
at the same site and only code for the homologous aminolarger oligomeric species in comparison to the smaller
acids, Asp and Glu, in place of the original core Phe residue. oligomers and the parent HTB1.

This observation prompted further biophysical evaluation of  To provide comparison to knowfrsheet-rich oligomers,
the selected HTB1 core mutants. we utilized histological dyes to probe whether these novel
We found that both the Glu (HTB1E) and Asp (HTB1D) oligomeric species possessed amyloid Jiksheet structural
core mutants of HTB1 were overexpressed in the soluble arrangements. Both of the large oligomers, HTB1Ep1 and

fractions at the same levels as the parent hyperthermophilicHTB1Dp1 displayed strong thioflavin T binding over that
parent, HTB1, and were not observed in insoluble inclusion of the parent HTB1, suggesting that the large soluble
bodies as is the case with aggregation prone de novo designedligomers are not amorphous aggregates but ordered struc-
proteins that predominantly forgrsheets §8). Furthermore,  tures, as shown for the E7 protein of HPV &) and with

the anomalous migration of HTB1E and HBT1D in SDS gels molten globule aggregates @klactoglobulin 86). Even
suggested the possibility that these mutants could perhapshough thioflavin T fluorescence is often associated with
undergo domain swapping as observed for GB1 core variantsamyloid fibers, no fibrillar structures were observed by
(27, 28, 39) and in the B1 domain of protein L3Q, 40). electron microscopy (Supporting Information) in either
However, gel filtration chromatography and DLS clearly HTB1E or HTB1D, demonstrating that thioflavin T can bind
established that the oligomers of HTB1E and HTB1D do nonfibrillar -sheet structures. To validate the results from
not exist as stable dimers but as two distinct sizes of large thioflavin T-dependent fluorescence, the Congo Red binding
oligomers that are either 5 nm in diameter or between 20 apility of the large oligomers was also investigated. Both of
and 40 nm in diameter. the large oligomers, HTB1Epl1 and HTB1Dpl, displayed

Careful separation of the two oligomeric species by gel significant Congo Red binding and thus point to a soluble
filtration allowed us to fully characterize the physical B-sheet-rich aggregate structure.

pr_operties of these core mutants. The smaller of thgse The large soluble oligomers of HTB1Dp1 (25.2 nm) and
oligomers, HTB1Ep2 and HTB1Dp2, had an average size HTB1Epl (34.4 nm), if modeled as a solid sphere, will
that corresponds to 70 0880 000 Da that would result from correspond to assemblies of 600 monomers and 1500

a decameric assembly. In comparison, the larger solublemonomers, respectively. Alternatively, if the soluble oligo-
oligomers eluted in the void volume and would occupy @ mers form a hollow single-layer sphere, the HTB1Dpl
volume greater than that for a protein corresponding 10 sjigomers will correspond to an assembly of 300 monomers,
700 000 daltons. DLS experiments clearly showed that the \yhereas the HTB1Ep1 oligomers will correspond to an
larger oligomer of HTB1E and HTB1D exist as a mixture 45sembly of 600 monomers.

of large oligomers with an average diameter of 34 and 25
nm, respectively. Thus, the DLS and size-exclusion data le
together support the existence of very large soluble oligomers
that are similar to those of other naturally occurring soluble
oligomers seen in a variety of proteins implicated in

amyloidosis. Reinjection of the purified oligomers showed However, recent examples of dramatic structural switches

that_the two oligomeric species are not prone to reequili- to stable structures by single-point mutations have been
bration over a week. Furthermore, concentration-dependent

. . . . .~ observed in the B1 domain of protein G0, protein L £8),
refoldlng_ StUd'e.Sf al_so suggest that t_he two ollgomgrlc SPECI®Sand in the Arc repressor mutan#s, although perhaps none
are not in equilibrium under physiological conditions and

. ) L . of these examples is as dramatic as the present case. Future
possibly arise from distinct folding pathways. b P

. experiments will probe the effect of pH and the origin of

The smaller of ‘h.es‘? pllgomers, HTB1Ep2 and HTB1Dp2, the selective advantage of these remarkable mutants of
were found to be significantly less structured than the larger HTB1
oligomers as evidenced by circular dichroism spectroscopy. '
Whereas the larger soluble oligomeric species, HTB1Epl coNCLUSION
and HTB1Dpl, were found to be more structured, corre-
sponding tos-sheet-rich secondary structure. These oligo-  In summary, we have demonstrated that single-point core
mers, HTB1Epl and HTB1Dp1, showed a relative increase mutations in a monomeric thermostable protein of the
in intensity at 218 nm over 208 nm when compared to the ubiquitin fold can result in significant structural rearrange-
parent HTB1, suggesting gain @fsheet structure brought ment that results in two distinct species, comprising a

The observed single mutations in the HTB1 domain that
ad to two distinct oligomeric species are very interesting
from a protein design and folding perspective, where most
single mutations in protein cores, although often destabiliz-
ing, have little effect upon tertiary structurell—44).
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structurally reorganized oligomer of 5 nm dimensions and 11
of large spherical oligomers of 250 nm diameter. Our
results suggest that the formation of alternately folded
oligomers and large spherical oligomers may be a general
feature of proteins with a partially destabilized native fold.
The observed soluble oligomers are also interesting from the
perspective of biomaterials design, where many different 3
classes of self-assembling biological assemblies are under
study for materials templating and constructid6-49). The

soluble oligomers that we have characterized are reminiscent

of many naturally occurring heterogeneous self-assembled 14

structures that have been observeg-amyloid and related
fibril forming proteins, small heat shock proteins, RING-
domain proteins, viral E7 protein, amelogenin, ghlhcto-
globulin. Thus, this emerging class of large spherical
oligomers may very well present alternate low energy minima
on the protein folding landscape similar to the self-assembled
[-sheet-rich fibrillar structures observed in diverse proteins

@A).
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