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ABSTRACT: Protein G-related albumin-binding (GA) modules are frequently expressed on the surfaces of
bacterial cells. The limited amino acid sequence variation among GA modules results in structural and
functional differences with possible implications for bacterial pathogenesis and host specificity. In particular,
the streptococcal G148-GA3 arll magnaALB8-GA albumin-binding domains exhibit a degree of
structural and dynamic diversity that may account for their varied affinities for different species of albumin.
To explore the impact of GA module polymorphisms on albumin binding and specificity, we recently
used offset recombinant PCR to shuffle seven artificially constructed representatives of the GA sequence
space and scan the phage-displayed recombinant domains for mutations that supported binding to the
phylogenetically distinct human and guinea pig serum albumins (HSA and GPSA) (Rozak et al. (2006)
Biochemistry 453263-3271). Surprisingly, phage selection revealed an overwhelming preference for a
single recombinant domain (PSD-1, phage-seledmmain-1) regardless of whether the phages were
enriched for their abilities to bind one or both of these albumins. We describe here the NMR-derived
structure, dynamics, and stability of unbound PSD-1. Our results demonstrate that increased flexibility is
not a requirement for broadened specificity, as had been suggested earlier (Johansson et dl. Y&102)

Biol. 316, 1083-1099), because PSD-1 binds the phylogenetically diverse HSA and GPSA even more
tightly than G148-GA3 but is less flexible. The structural basis for albumin-binding specificity is analyzed

in light of these new results.

In 1994, de Chieau and Bjeck described a broad class To explore the impact of GA module polymorphisms on
of three-helix albumin-binding domains, representing the first albumin-binding specificity, we recently used offset recom-
example of a shuffled bacterial modul®) (Since then, 16  binant polymerase chain reaction (OR-PCR) to shuffle
Protein G-related albumin-binding (GAmodules with a  seven artificially constructed representatives of the GA
high degree of sequence identity have been found in multiple sequence space and scan the phage-displayed recombinant
bacterial species2f. The domains are thought to support domains for mutations that supported binding to the phylo-
pathogenesis by scavenging albumin-bound nutri€)tar(d genetically distinct human and guinea pig serum albumins
possibly camouflaging the bacteria. The limited amino acid (HSA and GPSA)#§). Surprisingly, phage selection revealed
sequence variation among GA modules results in both an overwhelming preference for a single recombinant domain
structural and functional differences with possible implica- (PSD-1, phage selected domain-1), regardless of whether the

tions for bacterial pathogenesis and host specificdy ( phages were enriched for their abilities to bind one or both
Indeed, structural and competitive binding studies have of the phylogenetically diverse albumins.

shown that streptococcal G148-GA3 dridegoldia magna
ALB8-GA albumin-binding domains exhibit a degree of
structural diversity that may account for their varied affinities
for different species of albumird(5). Specifically, G148-
GAB3 has been shown to have a more flexible backbone than
ALB8-GA (5) and atypical folding thermodynamic8)(that
might enhance the domain’s affinity for diverse albumins.

Thermodynamic analysis of PSD-1 showed that the phage-
selected domain was more stable than G148-GA3 at high
temperatures and exhibited 4- and 10-fold increases in HSA-
and GPSA-binding constants, respectively, compared to those
of the wild-type streptococcal domai8)( A review of PSD-1
polymorphisms with respect to the structurally defined G148-
GA3 and ALB8-GA albumin-binding domains suggests that

"This work was supported by NIH Grants GM62154 and a singlg mUtatiO.n in the protein’s core may Iargt_ely be
1S10RR15744 and the W. M. Keck Foundation. responsible for simultaneous gains in PSD-1 stability and

# Structure coordinates for PSD-1 are deposited in the PDB (accessionbinding by stabilizing the domain in a conformation that is
code 2fs1). NMR assignments for PSD-1 are deposited in BioMagRes- more conducive to albumin interaction.
Bank under BMRB accession code 6945. . . . . . .
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reaction. Our results support the hypothesis that a core mutation
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substantially stabilizes the PSD-1 backbone in a conformationmagnetization. For; experiments, 12 variable delays were
consistent with the albumin-bound ALB8-GA domain. We used (11.9, 51.9, 101.9, 151.9, 201.9, 301.9, 401.9, 501.9,
have not evaluated PSD-1 interactions with the full range 601.9 1001.9, 1201.9, 1501.9 ms), and Terexperiments,

of albumin species. However, the NMR data presented herel?2 variable delays were used (8, 16, 24, 32, 40, 48, 64, 80,
show that increased flexibility is not a requirement for 96, 120, 160, 200 ms). Duplicate spectra were recorded for
broadened specificity because PSD-1 binds the phylogeneti-the T, measurement at delays of 11.9, 51.9, and 201.9 ms
cally diverse HSA and GPSA even more tightly than G148- and theT, experiment at delays of 8, 16, and 40 ms, and
GA3 but has a more rigid backbone. Rather, PSD-1's these were used to estimate noise levels and fitting errors.
structural and thermodynamic features appear to support thel; andT, values were calculated by a nonlinear least-squares
proposition made by Lejon et al. that broad albumin speci- fitting of the cross-peak heights to a single-exponential decay
ficity is largely attributable to a common tyrosine near the with error estimates fol using Sparky.

N-terminus of the second alpha helix of the GA mod@e ( Steady-statd 'H}-1>N NOEs were measured usirtgN-
Previously, it was difficult to assess the relative contributions HSQC spectra with a gradient-selected, sensitivity-enhanced
of backbone dynamics and the tyrosine binding interface to pulse sequencep). A relaxation delay b2 s priorba 3 s
broad species specificity because both factors were presenproton presaturation period was employed for the experi-
in G148-GA3 and absent from ALB8-GA. ments with NOE, and presaturation was applied at 4 MHz
off-resonance with the same recycling delay for the experi-
ments without NOE. The NOEs were calculated as the ratios
. . of peak heights in the spectrum recorded with proton
Sample PreparatiorPSD-1 was cloned into a pG58 VECIOr ¢4y ration to those in the spectrum recorded without satura-

as described previqusly%)_(. In this _a_pproach, t_he Proteinis  tion The standard deviation of the NOE value was estimated
expressed as a fusion with subtilisin propeptide and, subse—On the basis of measured background noise le2ds An
quently, purified and cleaved on an immobilized subtilisin analysis of'*N relaxation data was carried out using the
column (L0). E. coli BL21(DE3) competent cells were trans-  \qqelifree program43). The global correlation timer)
formed with the pG58/PSD-1 plasmid and grown at’87 55 gptained from a trimmed mean valueTafT, utilizing

in 1 L of >N-labeled o**N/*C-labeled minimal media con- standard procedures.

ta|n|n|g 100 ?g/ mlll_ of amplgllln. (’jA‘t ‘."‘E Ok of apprfOX|- h Structure CalculationsStructures were calculated using
mately 0.8, the cells were in ucec wit .1 mM IPTG far 4 h. CNS 1.1 p4) and standard simulated annealing and torsion
The cells were harvested by centrifugation, and the cell pellet

. ? angle dynamics protocols. Initial NOE assignments and an
\évgs re/suEpefngﬁd In IlOO gw(l;ﬂlpotl\aﬂs'salkjﬂngé)?osphajce a_t PH 7'O'rnitial set of structural models were generated by the auto-
>U mg/mt ot Divasel, and 0.1 m or sonication on - 464 CANDID iterative refinements module of Cya@s)(
ice. After centrifugation fo 1 h at 100 009, the cleared

After this initial assignment step using Cyana, additional
lysate was Ioad'ed onto a S189 column (5 mL bed volume) NOE assignments were added and erroneous ones corrected
and purified using the method of Ruan et al. (2004). The

. o . X through a manual examination of NMR spectra using Sparky
eluent containing purified PSD-1 was dialyzed against2 mM i, 14 recalculation of the structure by CNSZ.1. Distance
ammonium blc_a_trbonate butfer (pH 7.0) a'@ overnight restraints based on peak intensities were categorized as strong
and then lyophilized. NMR samples of PSD-1 were prepared (1.8-3.0 A), medium (1.84.0 A), weak (1.8-5.5 A), and
at a concentration of 0:20.4 mM in 50 mM potassium P ’ L i o X

. very weak (2.8-6.0 A). Backbone dihedral angle restraints
Ehgs\pl)vgztzgégfder at pH 7.0 with 0.1 mM EDTA, and 10% were obtained on the basis of chemical shift values using
2 .

TALOS (26). Two restraints were used to define each
NMR SpectroscopySpectra for structural studies were

/ _ Al stu / hydrogen bond, 1:52.5 A for run—o and 2.3-3.2 A for ry—o,
acquired on a Bruker DRX-600 equipped witi#axis gradi- ~ and these restraints were used only in the later stages of

ent triple resonance cryoprobe. Spectra for dynamics studiesrefinement. Nonbonded contacts were represented by a
were acquired on a Bruker DMX-600 with a sample con- quartic van der Waals repulsion term. Final values for force
centration of about 1 mM. All experiments on PSD-1 were constants were 1000 kcal mélA~2 for bond lengths, 500
collected at 25°C. Data were processed on a Linux work-  kcal mol rad2 for angles and improper torsions, 40 kcal
station using nmrPipel() and analyzed using Sparky mol-t A2 for experimental distance restraints, 200 kcal
(Goddard, T. D., and Kneller, D. G., UCSF). Standard triple mol-2 rad2 for dihedral angle restraints, and 4.0 kcal niol
resonance experiments were used to make NMR assignmentg —4 for the van der Waals repulsion term. The twenty best
(12—-16). Backbone resonance assignments were obtainedstructures for each protein were chosen on the basis of low
from HNCACB, CBCA(CO)NH, and HNCO spectra, whereas  total energy, no NOE distance violations greater than 0.30 A,

side chain assignments were made from HBHA(CO)NH, no dihedral restraint violations greater then &nd standard
(H)C(CO)NH-TOCSY, H(CCO)NH-TOCSY, 3EPN-TOC- indicators of structure quality as shown in Table 1. The

MATERIALS AND METHODS

SY, 3D!*N-NOESY, and 30}C-NOESY spectra. Distance
restraints were obtained from a 3BN-edited NOESY
spectrum in HO (17) and 3D**C-edited NOESY 18) spectra
in H,O and QO with mixing times of 100 and 150 ms.

IN-T; and T, measurements were performed using 2D
15N-HSQC experimentsl@) with water flip-back 20) and
Watergate 21) modifications for solvent suppression. For
theT; andT, experiments, a recycle delay of 1.5 s was used
between acquisitions to ensure sufficient recoverytbf

structures were analyzed using PROCHECK-NN2R) @nd
QUANTA (Molecular Simulations, Inc.) and displayed using
MOLMOL (28).

Hydrogen-Deuterium (H-D) Exchange Measurements.
Exchange experiments were carried out af@gat pH 7.0.
Lyophilized ®N-PSD-1 was dissolved in 0, and 30°N-
HSQC spectra were recorded in automated mode, each with
16 scans and 64 increments. Most of the amide exchange
was complete at this point. Individual amide proton peak
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Table 1: Statistics for the PSD-1 Ensemble of 20 Structures

7 1
A. Experimental Restraints 6 309
NOE restraints 5 308
all NOE 1063 =z, Jor7
intraresidue 423 8 3 4 060,
sequential |{ — j| =1) 273 = 5 305
medium-range (k¥ |i —j|<5) 263 3 04
long-range i — j| > 5) 104 1 403
hydrogen bond restraints 58 0 . goo,z
dihedral angle restraints 64 1 i 8 : 8 .
total restraints 1185 08 B ]
B. rmsd’s to the Mean Structure (A) 0.6 ]
over all residues W B
backbone atoms 0.3 0.08 7
heavy atoms 1.18-0.12 ]
secondary structurs E
backbone atoms 0.2% 0.08 ]
heavy atoms 1.050.13 60
C. Measures of Structure Quality 3
Ramachandran distribution 3
most favored (%) 84.424 E
additionally allowed (%) 13.& 2.3
generously allowed (%) 1416 3
disallowed (%) 0.4+ 0.82 E
bad contacts/100 residues 38.89 E
overall dihedralG factor 0.05+ 0.02 60
2 Residues 652.° The secondary elements used were as follows: 7
residues 623, 2735, and 39-51. ]
intensity data were fitted to a first-order exponential decay ]
of the formA; = Ajexp(—ket), whereA, is the peak volume g
at timet andkey is the first-order rate constant. S P R S S S T
0 10 20 30 40 50 60
Residue Number
RESULTS Ficure 1: (A) Average rmsd per residue for the backbone B, C
. . and C atoms of PSD-1@). The secondary structure elements are
Structure and Backbone Dynamics of PSDFle oligo- shown at the top of the plot. Order parameters for PSD-1 are shown

meric state of the 56 amino acid PSD-1 protein was deter- as open circlesd). (B) 600 MHz steady statgH}-15N nuclear
mined to be monomeric on the basis of size exclusion Overhauser effect (NOE) values per residue for PSD-1 (triangles),

chromatography (Supporting Information, Figure 1) and ALB8-GA (red circles), and G148-GA3 (blue squares). (C) 600
concentrzgtiorﬁ)—dye (enggnt tf?ermal-meltin cﬁaracte)ristics MHz spin—spin () relaxation rates (S) as a function of residue
P 9 ‘number for PSD-1 (triangles), ALB8-GA (red circles), and G148-

Specifically, a calorimetric study of 123 mM PSD-1 buffered GA3 (blue squares). (D) 600 MHR data for PSD-1 (triangles),

in 50 mM potassium phosphate at pH 7.0 yielded an identical ALB8-GA (red circles), and G148-GA3 (blue squares). The data

melting point because circular dichroic measurements onfor ALB8-GA and G148-GA3 in (B), (C), and (D) are from ref 5

3 mM PSD-1 melted under identical conditiorg).(Near (5). The data for all three proteins were recorded under similar

. . . conditions of protein concentration, temperature and pH. PSD-1

complete chemical shift assignments were made at@5 | npering is used, and the values for T24 in tie-a.2 loop of

for all backbone amide resonances (Supporting Information, ALB8-GA are omitted so that the data can be aligned correctly.

Figure 2), more than 90% of all side chain protons, and most

side chaint*C and'*N resonances. Chemical shift and NOE methylene groups to the core, whereas tlesmmonium

data analysis indicated that the structure contains threemoieties are solvent accessible. Furthermore, L53 near the

amphipathiax-helicesal (residues 623), a2 (residues 27 C-terminus ofa3 packs against the hydrophobic side chains

35), anda3 (residues 3951), arranged in a compact bundle. of 125 (a1-a2 loop) and L50 ¢3) forming a stabilizing cap

The threea-helices are well ordered with the two loop on the three-helix bundle.

regions,al—a2 anda2—a3, being less well defined (Fig- 15\-relaxation data were obtained for 53 out of 56 residues

ure 1A). Residues-15 have few interresidue NOEs and form  in PSD-1. No data were obtained for M1 or E2, and residue

a disorderedN-terminal tail, whereas residues 536 at 54 is a proline. Standard Model Free analysis of RaeR,,

the C-terminus are also poorly defined. Figure 2 shows an and NOE data gave the generalized order paramegys (

overlay of the 20 final structures with an average backbone shown in Figure 1A. The dynamics results are consistent

RMSD for residues 652 of 0.31+ 0.08 A. Complete  with the structural data, indicating that PSD-1 has flexible

structure statistics are shown in Table 1. N- andC-terminal tails, whereas residues 51 form a well-
The first turn of theal-helix includes the three residues ordered domain. Within this domain, ti¥ values are high

A6, N7, and S8, which are artifacts from the cloning pro- for residues in all three helices, indicating a relatively rigid

cedure but do not contribute to the hydrophobic core of the backbone. A number of residues in the loop region between

protein. The core residues include K13, A16, and L20 from ol anda2 and, to a lesser extent, betwez? anda3 have

al, 133 from a2, and V42, K46, and 149 frone3. Both lower order parameters suggesting that these regions are more

K13 and K46 have extensive contacts from their hydrophobic flexible on the ns to ps time scale. EstimatesRpf values
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Ficure 2: Stereoview of the PSD-1 ensemble containing the 20 lowest energy structuras:hiehieal backbone regions are highlighted
in blue, whereas buried and partly buried side chains are shown in red and labeled. Unstructured and loop regions are in gray.

for PSD-1 were also obtained, and these are displayed in 107pPsSD-1
Figure 1D. These results show that only a limited humber 8-
of residues have relatively smakk, terms.®N-relaxation 6]

data for ALB8-GA and G148-GA3 were also availab$. (
These are compared with the PSD-1 results in Figure 1B,
C, and D and discussed below. ]
Derivation of the Thermodynamic State Functions for 0
PSD-1 Unfolding Slow-exchanging amides were identified 1014ALB1§-G/:8 20 2 24 26 B 30 32
in the al-, o2-, anda3-helices, consistent with their buried ]
positions in the NOE-derived structure of PSD-1. ThelH
exchange values for slow-exchanging backbone amides were
used to compute PSDAGding &t room temperature. The
H—D exchange for each backbone amide can be described
by the reaction path

Number of Amides

0]
1014 16 18 20 22 24 26 28 30 32

Ky ke M ] G148-GA3
F(H) == U(H) 5.5 U(D) 7= F(D) (1) 6]

6_.
wherek,, ki, andk; are the respective unfolding, folding,
and intrinsic exchange rates,is the folded state, and is
the unfolded state2Q). Because the exchange experiment ]
was conducted at temperatures well belbyw(k: > k) with 0;4 6 18 20 2 2 2 = 0w
an intrinsic exchange rate significantly less than the rate of AG (kJ/mol)
protein folding k > k), the measured exchange rdtg ) ] ] )
can be given by Ficure 3: Histograms comparing the free energies of opening

(AGqyp) for slow H-D exchanging amides in PSD-1, ALB8-GA,
and G148-GA3 suggest that PSD-1 and ALB8-GA similarly exhibit
ke — =K kc (2) a AGunoiding Value of around 23 kJ/mol near 28 compared to an

X ke op estimated 19 kJ/mol for G148-GAAG,, was computed from HD
exchange data reported here for PSD-1 and elsewhere for ALB8-
GA and G148-GA3 ).

4 <
2 -

The free energy required for transient opening can then be

expressed as
SPHERE algorithm, which employs sequence-dependent

AG,,= —RTIn Ky, = —=RTIn(k./k,) (3) correction factors and amide exchange rates measured for
model peptides30, 31). The histograms in Figure 3 were
whereK, is the equilibrium constant for transient opening, produced by applying this analysis to#D exchange data
andAGy, is the free energy difference between folded and obtained here for PSD-1 and that reported elsewhere for
unfolded states. The values fkywere calculated using the  ALB8-GA and G148-GA3%). Because the slow-exchanging
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Table 2: Thermodynamic State Functions for PSD-1 and
G148-GA3 Unfolding at 25C

AG AH AS ACp
, protein (kdJ/mol)  (kJ/mol)  (J/deg mol) (kJ/deg mol)
e PSD-F 23+1 95+ 3 240+ 9 1.51+0.05
2 G148-GA3 19 118 332 1.10.1

aPSD-1 state functions were obtained by fitting eq 4 to the NMR
and circular dichroic data displayed in Figure®%5148-GA3 state
functions were derived from calorimetric data presented in an earlier
article 6).

Residue Numbers

. . previously for G148-GA3 §). Consistent with the NMR
Ficure 4: Plot of log(protection factor) per residue for PSDED(  gtrycture and backbone dynamics observed for both domains,

ALB8-GA (¢), and G148-GA3 4). The PSD-1 results are from . .
data obtained in the current study at 25 at pH 7.0, whereas the the thermodynamic data in Table 2 suggests that PSD-1

protection factors for ALB8-GA and G148-GA3 are from ref 5 achieves greater stability at room temperature by doing a
(5), where exchange was done at7 at pH 7.2. The protection  better job of decreasing its hydrophobic surface area upon
factor P is defined askclkex, wherek; is the calculated intrinsic fo|d|ng This conclusion is based on the lower Change in
exchange rate, arkl is the measured amide exchange rate. The onyrony and broader shift in heat capacity associated with
values for PSD-1 only include slow-exchanging amide protons. -
PSD-1 unfolding.
35+

. DISCUSSION

304 -7 -

Comparative Analysis of GA Modules hree other GA
module structures have been described in the literature, an
NMR structure of ALB8-GA (pdb code 1pri2)), a 2.7 A
X-ray structure of ALB8-GA in complex with HSA (pdb
code 1tf0 @)), and an NMR structure of G148-GA3 (pdb
code 1gjt 84)). A sequence alignment of PSD-1 with ALB8-
GA and G148-GA3 is shown in Figure 6A. On the basis of
sequence homology alone, PSD-1 is more similar to G148-
GA3 (68.5%, 37 identities over 54 amino acids) than ALB8-

. . . . . . . . . — GA (56.6%, 30 identities over 53 amino acids). However,
-0 %0 60 40 20 0 20 40 60 80 100 although all four structures are three-helix bundles, PSD-1
Temperature (°C) most closely resembles HSA-bound ALB8-GA in its overall
FiGURe 5: Comparison of PSD-1-) and G148-GA3 (---) free 3D structure, particularly with regard to helix lengths, helix
energy plots under comparable pH 7.0 buffer conditions. The graph orientations, and packing interactions. The main difference
o o e bt i emasiates SOy, betveen free and bound ALBS GA i that o el
ots : - : ;
Ejerivv)sd PSD-1 %ata and the G148-%A3 free energy plot were one turm longer at thél-terminus in the HSA-bound form
obtained from earlier publications,(8). just as in PSD-1. A backbone structural alignment of PSD-
1, HSA-bound ALB8-GA, and G148-GA3 shows that PSD-1
amides are expected to swap hydrogen isotopes only whersuperimposes better with G148-GA3da, about evenly well
the molecules are fully unfoldedAG,, values for these with the other two structures in2, and better with ALB8-
amides are centered around th&qoiing for the entire  GAin a3 (Figures 6B and 7). The relatively large displace-
domain. The slow-exchanging amides of PSD-1 and ALB8- ment in thean1—a2 loop of ALB8-GA is presumably due to
GA are similarly clustered around a value of 23 kJ/mol. the fact that this loop contains an extra residue (T24) com-
G148-GA3 slow exchangers, however, have an avetdgg pared with the number of residues in PSD-1 and G148-GA3.
of 19 kJ/mol, which is consistent with an earlier calori- In contrast, thex2—a3 loop is in good agreement in all three
metrically derived estimate of the protein’s free energy under structures. The consistently larger rmsd of displacement of
similar conditions §). The protection factors per residue the residues in the3-helix of G148-GA3 relative to that of

obtained here for PSD-1 are shown in Figure 4 and comparedthe other structures is also evident when the ensembles of
with previously obtained results for G148-GA3 and ALB8- NMR structures for G148-GA3, ALB8-GA, and PSD-1 are

AG (kJ/mol)

GA (5). compared (Supporting Information, Figure 3).

The NMR-derived value for PSD-AGynoiding @t room The structural differences between PSD-1 and G148-GA3
temperature can be combined with high-temperature circularin particular must be due to a subset of the 17 nonidentical
dichroism-derived values fokGuntoiaing reported earlier) residues in these two sequences. An examination of the dis-
to compute the remaining thermodynamic state functions for tinct residues in each structure indicates that 13 are solvent-
this reaction. Fitting the equation accessible surface residues (PSD-1 reside248-GA3

residue: M1-D12, Q11-E22, E14-V25, A15-L.26, K18-R29,

AG = AH, = TAS + AC[T — T, — TIn(T/Ty)] (4) K21-D32, Q22-K33, G26-S37, K31-N42, E43-K54, S44-

A55, N47-D58, and K51-A62), three are partly buried (117-

to these two data sets in Figure 5 yields the valueMdr N28, 125-V36, and 130-K41), and one is mostly buried (K46-
AS, and ACp reported in Table 2 alongside those obtained 157). The solvent-accessible residues do not affect the
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A
1 10 20 30 40 50
PsD-1 H MEAV BANSIBROERE R TH ] = IEL S ®EN LETE
G148-GA3 : MEAIFVLNAQHDEAWV = VIEINE, EY g/~ [ETL AWTD 1]
= THELRCI R
*  kE * *hkkEk Kk * % * & *
B

Ficure 6: (A) Sequence alignment for PSD-1, streptococcal G148-GA3Farefoldia magnaALB8-GA albumin-binding domains. The
numbers indicate PSD-1 residue positions. Identical residues are highlighted in gray or black, depending on whether they are conserved
across two or three of the sequences, respectively. Amino acids implicated in the albumin-binding interface by the ALB8-GA/HSA crystal
structure or a VAST 32) alignment with this structure are indicated with asterisks. (B) VAST alignm@2)tdf unbound PSD-1 (purple

trace), unbound G148-GA3 (orange trace), and HSA-bound ALB8-GA (gray trace) shows G148-GA3 deviates significantly from PSD-1
and ALB8-GA with respect to the backbone alignment of a glutamic acid (rendered side chain) involved in the albumin-binding interface.
PSD-1's closer alignment with HSA-bound ALB8-GA at this point likely contributes to the domain’s enhanced albumin-binding ability
compared to that of G148-GA3. The tyrosine (rendered side chain) at the start of @3Dkély explains why the domain does not exhibit
ALB8-GA'’s 1000-fold preference for HSA over GPSA, despite other structural and thermodynamic similarities. Consistent with a theory
proposed by Lejon et al9j, the tyrosine found in G148-GA3 and PSD-1 may give the domains a significant advantage in binding several
nonprimate albumins, including GPSA.

packing of the buried residues, and therefore, some or all of 2 ———T———T 7T T
the four remaining amino acids must be responsible for the
structural variations, likely through tighter hydrophobic
interactions with physically adjacent residues. A mutation 1% [
from aS-branched amino acid (157) in G148-GA3 to a lysine
in PSD-1 may be part of the reason why PSD-1 has better
packing of thea3-helix against the other two helices. It is
interesting to note that this position is lysine in 9 of the 16
naturally occurring GA variants discovered to date. Other
interactions may also contribute to the improved packing of
hydrophobic residues in PSD-1 relative to that in G148-GAS3.
Residues 117 and 130 in PSD-1 form stabilizing hydrophobic
contacts betweeal ando2. In contrast, the corresponding
residues in G148-GA3, N28, and K41 do not have as many

stabilizing close contacts. Furthermore, the hydrophobic ) .

capping interaction between L53 and I25 in PSD-1 is not ElgxrfggungIoAthgsegrAre.s;dt;?]gagég?geaggsg1b4e8t\_/vGe§§)£ S’T?]'el and
present between the analogous residues, L64 and V36, inaverage PSD-1 and G148-GA3 NMR structures were used in this
G148-GA3. However, both the free and bound forms of analysis.

A)

RMSD (

60

Residue Number
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ALB8-GA have this capping interaction, where H52 at the
end of thea3-helix packs against 123 in thel—a?2 loop.

He et al.

(E59) and surrounding helix may become distorted slightly
upon albumin binding. However, the alignment in Fig-

The structural results are, therefore, consistent with the ure 6B shows that this is not the case for the unbound PSD-1
thermodynamic data described above, which indicate thatstructure, which closely approximates the HSA-bound ALB8-

PSD-1 buries its hydrophobic residues more efficiently than
G148-GA3.

GA in its placement of the same glutamate (E48). Stabiliza-
tion of this glutamate residue in the proper position for HSA

Although these structural changes are small, they have aand likely GPSA binding may partially account for PSD-1's

significant effect on the backbone dynamics, stability, and
binding affinities of the individual domains. PSD-1 and
ALB8-GA (free and HSA-bound) are structurally more

enhanced ability to bind both albumins relative to that of
G148-GA3.
Lejon et al. go on to argue that another residue, ALB8-

compact than G148-GA3. Consistent with this, JohanssonGA F27, may contribute to the high species specificity

et al. 6) found that most residues in G148-GA3 have a
notableRex contribution toR, and undergo extensive con-
formational exchange on thes—ms time scale (Figure 1D).
In contrast, ALB8-GA has only a few residues in thé—

a2 loop and theéN-terminus of thex2-helix that exhibit such
motions. Our results indicate that PSD-1 A#aé-relaxation
rates similar to the more rigid ALB8-GA module (Fig-

exhibited by the domain because the phenylalanine appears
to fill a hydrophobic pocket in HSA that is disrupted by a
polar residue in many nonprimate albumi@s The existence

of a polar threonine in position 329 of GPSA (Accession
No. AY294645) may account for the 1000-fold lower affinity
ALB8-GA shows for this species of albumin compared to
that for HSA @). Consistent with this analysis, the substitu-

ures 1C, D) under comparable conditions. In agreement withtion of a tyrosine for phenylalanine in PSD-1 (Y28) and

these data are the hydrogedieuterium exchange results,
which show that PSD-1 and ALB8-GA have analogous
protection factors (Figure 4) andG,, values (Figure 3)
under similar conditions, whereas G148-GA3 exhibits faster

G148-GA3 (Y39) may support the interaction with the GPSA
T329 and account for the high affinities both domains show
for GPSA when compared with that for ALB8-GA.

In addition to Y28, the sequence/structure alignment impli-

exchange characteristics and has lower stability. An earlier cates six other PSD-1 polymorphisms in the albumin-binding
work suggested that G148-GA3 acquires its broader binding interface (Figure 6A). Of note are G26 and G41, which

specificity for albumins from multiple species, partly through
enhanced backbone flexibility compared with that of ALB8-
GA (5). Although this may be true for G148-GA3, the work

appear to reduce the size of the polar interface compared
with that of G148-GA3 or ALB8-GA and S44, which may
mitigate this loss by supporting an additional polar interaction

presented here demonstrates that increased flexibility is notwith the ligand. Moreover, a bulky leucine at position 32
a requirement for broadened specificity because PSD-1 bindsappears to fill a hydrophobic pocket in the binding interface

the phylogenetically diverse HSA and GPSA even more
tightly than G148-GA3 but is less flexible.

Analysis of the PSD-1 Albumin-Binding Interface: Impli-
cations for Binding Specificitywhat then is the structural
basis for these changes in affinity and specificity? We pre-
viously used isothermal titration calorimetry to show that,
compared to G148-GA3, PSD-1 exhibited approximately
4- and 10-fold increases in its ability to bind HSA and GPSA,
respectively 8). Improvements to PSD-1 HSA binding

appear to be driven largely by more favorable changes in
entropy upon binding when compared to the same G148-

GA3 reaction. However, PSD-1's enhanced GPSA binding
benefits from more balanced improvementsAtid and AS
when compared with that of G148-GA3. Despite sharing a
number of ALB8-GA’s structural and thermodynamic char-
acteristics, PSD-1 resembles G148-GA3 in its affinity for
phylogenetically diverse human and guinea pig albumins an
its failure to exhibit ALB8-GA’s 1000-fold preference for
HSA (4). By comparing the structural data presented here
for PSD-1 with that obtained elsewhere for G148-GAp (
and ALB8-GA (), one can offer possible explanations for
PSD-1's improved HSA and GPSA binding and broader
range of affinities.

On the basis of their analysis of the HSA-bound ALBS8-
GA crystal structure, Lejon et al. identified a3 glutamate
(E47) that forms an important interaction with HSA K212
at the edge of a fatty-acid binding pock&).(We note that
this glutamate is similarly found in G148-GA3 (E59) and
PSD-1 (E48). When all three domains are aligned in Fig-
ure 6B, the backbone trace of G148-GA@3-helix deviates
most from the HSA-bound ALB8-GA structure at ALB8-
GA EA47, suggesting that the G148-GA3 E47 equivalent

better than a similarly placed alanine in ALB8-GA. Further
experiments will be needed to assess the relative impacts of
these polymorphisms.

CONCLUSION

Researchers have alternatively proposed that G148-GA3's
flexible backbone structureb) or its Y39 polar aromatic
residue 9) might account for the domain’s broader albumin
specificity compared to that of ALB8-GA. However, these
features were either jointly present in G148-GA3 or absent
from ALB8-GA, making it difficult to assess the relative
contributions of the factors on albumin specificity. A vali-
dated mechanism for albumin specificity is likely to have
broad medical implications, given the expression of GA
homologues in multiple bacterial pathogens and the possible

dimpact for domain polymorphisms on host specificity. We

recently used offset recombinant PCR and phage display to
search the GA sequence space for molecules that exhibit
broad albumin affinity via their abilities to efficiently bind
both HSA and GPSA8). NMR analysis of the dominant
phage-selected mutant presented here shows that2an
tyrosine at Y28 and not backbone dynamics offers the most
likely explanation for the domain’s comparable human and
guinea pig albumin affinities. These findings lend weight to
Lejon et al.’s proposed mechanism for albumin specificity
(9) and support predictions on the species specificities of
other albumin-binding domains.

SUPPORTING INFORMATION AVAILABLE

Gel filtration data, an HSQC spectrum, and structural
comparisons of PSD-1 with G148-GA3 and ALB8-GA. This
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material is available free of charge via the Internet at http://
pubs.acs.org.
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