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Abstract

Secondary and tertiary structures of human blood a;-acid glycoprotein, a member of the lipocalin family, have been studied for
the first time by infrared and Raman spectroscopies. Vibrational spectroscopy confirmed details of the secondary structure and the
structure content predicted by homology modeling of the protein moiety, i.e., 15% o-helices, 41% B-sheets, 12% B-turns, 8% bands,
and 24% unordered structure at pH 7.4. Our model shows that the protein folds as a highly symmetrical all-p protein dominated by a
single eight-stranded antiparallel B-sheet. Thermal dynamics in the range 20-70 °C followed by Raman spectroscopy and analyzed
by principle component analysis revealed full reversibility of the protein motion upon heating dominated by decreasing of B-sheets.

Raman difference spectroscopy confirmed the proximity of Trp'** to progesterone binding.

© 2002 Elsevier Science (USA). All rights reserved.
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o;-Acid glycoprotein (AGP), also known as oroso-
mucoid, is a 41-kDa single polypeptide formed of 183
amino acids. It contains 42% carbohydrate in weight
and has up to 16 sialic acid residues. Five heteropoly-
saccharide groups are linked via N-glycosidic bond to
the asparaginyl residues of the protein. Two disulfide
bridges are formed between cysteins 5-147 and 72-164
[1]. Chemical modification and temperature difference
spectroscopy revealed that 5-7 tyrosines, 2 tryptophans
[2], and almost all phenylalanines [3] are completely or
partially buried in native state.
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AGP, a human blood plasma protein, belongs to the
lipocalin family of proteins, a heterogeneous group of
extracellular proteins that bind a variety of small hy-
drophobic ligands. It is known that AGP plays a role
under inflammatory or other pathophysiological condi-
tions and is able to bind basic drugs, vanilloids, 1gG3,
heparin, and certain steroid hormones such as proges-
terone, however, its biological function and 3D structure
remain unknown [4].

A 3D structure of AGP based on the crystal structure
of the bilin-binding protein, a member of the lipocalin
protein family, was proposed in 1993 [5]. Although a
valuable contribution, this model has several short-
comings from nowadays view. Meanwhile the number of
known X-ray structures of lipocalins significantly in-
creased, computer technology improved, and algorithms
were refined. Our approach, a combination of vibra-
tional spectroscopy methods and molecular modeling,
which, surprisingly, was not used until now, gives
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detailed information about secondary structure, binding
sites, and folding of AGP.

Materials and methods

Materials. The AGP was obtained from Sigma Chemical. The
sample was purified by HPLC and checked by SDS electrophoresis. All
other reagents used in our experiments were of analytical grade. AGP
for Raman and FTIR spectroscopies was dissolved in 20 mM Tris-HCl
buffer (pH 7.4) to a final concentration of 7.5mg/ml (protein concen-
tration was checked spectrophotometrically using the absorption co-
efficient Ejy, 1 cm278nm = 8.93 [6]). Progesterone diluted in ethanol was
added to AGP in 1.33:1 ratio [7].

FTIR spectroscopy. Room temperature infrared spectra were re-
corded with a Bruker IFS-66/S FTIR spectrometer using a standard
source, a KBr beamsplitter, and an MCT detector. Usually 4000 scans
were collected with 4cm™' spectral resolution and a Happ-Genzel
apodization function. Samples were placed in a demountable cell
(Graseby Specac) consisting of a pair of CaF, windows and 12 um
Mylar spacer. Spectral contribution of a buffer in carbonyl stretching
region was corrected following the standard algorithm [8].

Raman spectroscopy. Raman spectra were recorded on a multi-
channel instrument based on a 600-mm single spectrograph with a
1200-grooves/mm grating and a liquid N, cooled CCD detection sys-
tem having 1024 pixels along dispersion axis. The effective spectral slit
width was set to ~5cm™!. Samples were excited with a 514.5nm/
100mW line of an Ar™ laser. Calibrated wavenumber scale was ac-
curate to =lcm™'. Binding of progesterone, measured at 4°C, was
averaged from 300 exposures of 120s. Thermal stability spectra were
averaged from 10 exposures of 60s. Spectra were treated according to
[9]. Spectra were smoothed using 9-point Savitsky—Golay algorithm
and normalized to the 1447cm™! band as an internal standard.

Principal component analysis. Principal component analysis (PCA),
using a singular value decomposition algorithm, is a multivariate
mathematical technique for reducing spectral data to their lowest di-
mension without loss of valuable information. Each spectrum can be
expressed as a linear combination of loading coefficients and orthog-
onal subspectra. The first subspectrum corresponds to the average
spectrum in studied series, whereas the following subspectra (in order
of decreasing loadings, i.e., in decreasing significance) represent spec-
tral changes. A number of significant subspectra can be estimated from
singular values. (Detailed explanation can be found in [10].)

Choice of the templates and alignment. The choice of templates was
restricted to the tertiary structures of lipocalin family that have been
solved by X-ray crystallography. The structures IEW3 [11], 1EPA [12],
1QQS [13], and 1A3Y [14] were extracted from the Brookhaven Pro-
tein Data Bank and structurally aligned using the SwissPDBViewer
[15]. The template structures were aligned with the two genetic forms
of human AGP ORS1 and ORS2 [16] by ClustalX [17] and adjusted
manually according to the structural alignment. The alignment used
for further modeling is shown in Fig. 1.

Modeling. The 3D models of ORS1 and ORS2 constituted by all
non-hydrogen atoms were generated by Modeller6 package [18]. All
the obtained models were subjected to a short simulated annealing
refinement protocol available in Modeller. Finally, the tertiary struc-
ture models were checked with ProCheck [19]. ORS1 and ORS?2 differ
in 21 amino acids, which are of similar kind. These substitutions have
no significant influence on the overall structure of AGP (root mean
square deviation (C,) being only (0.8 A) and in the protein core region
both genetic forms of AGP are fully structurally identical.

Docking procedure. The 3D crystal structure of progesterone [20] was
extracted from Cambridge Structural Database [21]. Initially the sub-
strate was placed in an arbitrary position to the binding site, which was
identified by the Dock module of Sybyl (Tripos Associates). Docking
into the modeled structure was performed with AutoDock [22]. The

ORS1 ---QIPLCANLVPVPITNATLDQITGKWFYIASAFRNEEYNKSVQEIQATFFYFTPNKT-

ORS2 ---QIPLCANLVPVPITNATLDRITGKWEYIASAFRNEEYNKSVQEIQATFFYFTPNKT-

1EW3 ------------~ VAIRNFDISKISGEWYSIFLA---SDVKEKIEENGSMRVEVDVIRA-

1EPA ------------- AVVKDFDISKFLGFWYEIAFA---SKE--------- EKMGAMVVEL-

100S TSDLIPAPPLSKVPLQONFQDNQFQGKWYVVGLA---GNAILREDK-DPQKMYATIYEE-

1A3Y ----mmmmmmmmmmmm oo PFELSG-KWITSYIG---SSDLEKIGENAPFQVFMRSIEFD
*

ORS1 EDT-IFLREYQTRQ-DQCIY-NTTYLNVQRENGTISRYVG------ GQEHFAH-LLILRD
ORS2 EDT-IFLREYQTRQ-NQCFY-NSSYLNVQRENGTVSRYEG------| GREHVAH-LLFLRD
1EW3 LDNSSLYAEYQTKVNGECTE-FPMVFDKTEEDGVYSLNYD-----~ GYNVFRI-SEFEND
1EPA KEN-LLALTTTYYSEDHCVL-EKVTATEGDGPAKFQVTRLS--—--- GKKEVVV-E-ATDY
1Q00S KEDASYNVTSVLF-RKKKCDYAIRTFVPGCQPGEFTLGNIKSYPGLTSYLVRVVST--NY
1A3Y DKESKVYLNFFSKENGICEE-FSLIGTKQEG-NTYDVNYA------ GNNKEVVS--YASE

ORS1 T-KTYMLAFDVN-DEKNWGL-SVYADKPE-TTKEQLGEFYEALDCLRIPKSDVVYTDWKK

ORS2 T-KTLMFGSYLD-DEKNWGL-SFYADKPE-TTKEQLGEFYEALDCLCIPRSDVMYTDWKK

1EW3 E-HIILYLVNFDK-DRPFQLFEFYAREPD-VSPEIKEEFVKIVQKRGIVKENIID-LTKI

1EPA LTYAIIDITSLV-AGAVHRTMKLYSRSLDDNGE-ALYNFRKITSDHGFSETDLYI-LKHD

10Q0S NQHAMVFFKKVS-QNREYFKITLYGRTKE-LTSELKNNFIRFSKSLGLPENHIVF-PVP-

1A3Y T-ALIISNINVDEEGDKTIMTGLLGKGTD-IEDQDLEKFKEVTRENGIPEENIVN-IIER
. . ok . .

ORS1 ---DKCEPLEKQHEKERKQEEGES
ORS2 ---DKCEPLEKQHEKERKQEEGE
1EW3 DRCFQLRG -
1EPA LTCVKVLQSAAES

1008

1A3Y -

Fig. 1. Sequence alignment of two genetic forms of AGP (ORS1, ORS2
[17]) with structures IEW3 [11], IEPA [12], 1QQS [13], and 1A3Y [14]
whose 3D structures have been solved recently by X-ray crystallo-

graphy.

exploration of docking positions included 50 hybrid Lamarckian ge-
netic algorithm runs using a population size of 50, and a maximum
number of energy evaluations of 25,000, a maximum number of gen-
erations of 27,000 and 300 iterations of Solis and Wets’ local search. The
selected docking positions were subjected to 15 ps of dynamics simula-
tion using the canonical ensemble at 300 K in Sybyl. Two thousand steps
of steepest descent minimization followed, optimizing both internal and
relative geometries of the substrate, and the binding site residues.

Results
Secondary and tertiary structures of AGP

Interestingly, the lipocalin family is remarkably di-
verse at the sequence level, showing low levels of overall
sequence conservation with pairwise comparisons often
falling well below 20%. Despite lacking high sequence
similarity, lipocalin crystal structures are characterized
by a repeated +1 topology B-barrel and well conserved
with a root mean square deviation value (C,) of only
1.3-1.4 A for the templates used. The obtained models
of the two AGPs show a good quality stereochemistry,
as revealed by ProCheck [19]. The torsion angles of 85%
of the residues have values within the most favored re-
gions and no residues are found in disallowed regions.
The overall g-factor shows a value of —0.24. Ideally, the
value of the g-factor should be above —0.5 and values
below —0.1 may need further investigation. AGP folds
as a highly symmetrical all-B protein dominated by a
single eight-stranded antiparallel B-sheet closed back on
itself to form a continuously hydrogen-bonded barrel.
The eight B-strands of the barrel are linked by typical
short B-hairpins except the first one: this is a large loop
folded back to a lid, which partially closes the internal
ligand-binding pocket found at this end of the barrel. In
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the native state it contains a short a-helix that is trans-
formed into B-sheet in the progesterone-bound state (see
Table 1). Three loops are close to each other and con-
stitute the bottom of B-barrel. Between the last strand
and the C-terminus is found another o-helix, which
represents an ever-present feature of the lipocalin fold
(see Fig. 2).

Fig. 3 depicts the FTIR spectrum of AGP. The two
major bands, observed at 1639 and 1551cm™!, are as-
signed to the amide I and amide II, respectively. The
second derivative which can identify overlapping com-
ponents reveals high content of extended B-sheets by the
strong band at 1637cm~! [23]. An appearance of the
second band at 1692cm™! suggests that B-sheets are
antiparallel [24]. Weaker bands at 1666, 1674, and
1685cm~! belong to B-turns [23]. Characteristic amino
acid side chain absorption bands can also be identified.
The side chain absorbance of solvent-exposed Asp and
Glu COOH modes is observable at 1700cm~'. The
shoulder at 1559cm™! corresponds to stretching vibra-
tions of COO™ of Glu. Finally, the bands at 1517 and
1617cm™! are attributed to Tyr [23].

The Raman spectrum of native AGP (Fig. 4A) can
provide additional information about the structure of the
protein. The band at 541cm™' corresponds to unusual
trans—gauche—trans conformation of S-S bridges [25]
which is also presented in our model for both bridges. The
two bands 831 and 852cm~! are assigned to the Tyr
(Y1+Yla) Fermi resonance doublet. Its intensity ratio
Issy/Is3 is used as an indicator of Tyr environment [26].
The value 1.1 corresponds to 1:3 ratio of Tyr exposed to
buried, i.e., three fully solvent exposed—Tyr’*, Tyr”', and
Tyr'¥, and 8 buried Tyr residues. W17 mode of Trp at
878cm~! indicates strong NH-hydrogen bond donation
[27]. The Trp Fermi doublet intensity ratio Ijsso/I1339 =
0.8 is a sensitive marker of the amphipathic environment
of the aromatic ring [27] and in our case indicates hy-
drophilic environment of all Trp. Direct correlation be-
tween the Raman frequency of W3 mode and the absolute
value of the torsional angle y*>! is known [28]. Its position
at 1552cm~! corresponds to angle |>!| = 90° for all Trp.
In our model one torsional angle 15° for Trp'®, that is in
a loop region on the surface of the protein and probably
can be more flexible, may indicate a shortcoming of the
model with respect to this loop. Other mentioned struc-
ture characteristics are presented correctly.

Table 1

Fig. 2. The ribbon molecular model of AGP in the native state (A)
shows an eight-stranded antiparallel B-barrel. It can be seen that
during progesterone binding (B) the a-helix in the first loop above the
B-barrel was transformed into antiparallel B-sheet (marked with an
arrow).
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Fig. 3. The FTIR spectrum in the amide I and II regions of AGP. The
solid curve represents the original spectrum while the dash-dot curve is
associated with the second derivative (15 pts) of the spectrum.

Thermal dynamics of AGP

Thirty-one Raman spectra of AGP measured in a
heating—cooling and the second heating cycle were ana-
lyzed by PCA (data not shown). PCA revealed full re-
versibility and two different types of behaviors were
observed. The following spectral regions were analyzed

Secondary structure estimation (in percentage) of AGP by FTIR and Raman spectroscopies compared with the model structure

Method AGP AGP binding progesterone

a-Helix B-Sheet B-Turn Bend Other a-Helix B-Sheet B-Turn Bend Other
Model 15 41 12 8 24 12 44 12 8 24
FTIR-LSA®? 12 37 13 15 25 9 41 14 11 26
Raman-LSA® 14 42 20 - 28 10 47 20 — 28

#Least-squares analysis of FTIR amide I and amide II bands according to [36].

b Least-squares analysis of Raman amide I band according to [9].
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Fig. 4. A comparison of the Raman spectra of AGP (A) and AGP with
bound progesterone (B). The spectrum A-B represents the difference
caused by binding. The assignment of the bands is discussed in the text
(v corresponds to stretching and  to bending vibrations).

by PCA independently and only two subspectra were
found to be significant. The second loading coefficient
revealed strong linear dependence on temperature for Trp
band 878cm~! and for the hide band at 1165cm™!. The
same but weaker dependence was also observed for vCS
vibrations at 670cm~!, vCC/vCN at ca. 1110cm~!,
vCOO™ at 1379cm™!, and Trp bands 1552cm~". This type
of behavior corresponds to motions on the periphery or
on the most flexible unordered parts of the protein. On
contrary, a very complex type of motion was found in
amide I region. PCA showed that three subspectra are
significant. The second subspectrum resembles B-sheet
spectrum (max. at 1675cm™") and its loading shows de-
crease of the B-sheet content with increasing temperature
starting at ca. 50 °C. Thus it is probably “breathing” of
B-barrel. However, the third subspectrum is similar to
B-turns and random coil structure (max. at 1665cm™"). Its
coefficient showed very complex behavior and thus cor-
responds to complicated rearrangement connected with
“breathing” of B-barrel.

Second derivative of FTIR spectra of AGP exposed
to a heat shock of 70 °C shows one significant difference
in comparison to spectrum of native AGP (data not
shown). The shoulder at 1559cm™! (see Fig. 3), corre-
sponding to vCOO™ of Glu residues, disappeared after
heat shock. Thus, probably on the periphery of AGP
irreversible structural change of the protein exists.
Nevertheless, this spectral change is also accompanied
with a downshift of the 1617 cm™! band to 1612 cm™'.
This might be attributed to the presence of little amount
of B-aggregated protein after heat shock.

Progesterone binding

Docking of progesterone into the hydrophobic bind-
ing-pocket of AGP shows that during progesterone

G93

T47

Y27

Fig. 5. Schematic representation of progesterone-AGP interactions in
the central hydrophobic pocket of the protein. Distances are in A: one
letter code and amino acid number are indicated for side chains
involved.

binding the a-helix above the B-barrel was transformed
into antiparallel B-sheet, see Fig. 2. This effect is in good
agreement with spectroscopic determination of changes
in the secondary structure caused by progesterone bind-
ing (see Table 1). However, the most interesting results
were revealed by Raman difference spectroscopy, see Fig.
4. Slight changes in the amide I region (about 1652cm™")
fully correspond to rearrangement in the secondary
structure of AGP. Spectral changes of 3CH; vibrations
(ca. 1458 cm™!) can be interpreted as local change of AGP
caused by progesterone binding. The shift of the W17
mode at 882cm ™! indicates changes in Trp NH-hydrogen
bond donation that corresponds to proximity of Trp'** to
the progesterone binding site in our model structure, as
shown in Fig. 5. Computer docking explored two posi-
tions for progesterone in the huge hydrophobic cavity
inside the B-barrel differing only by 0.5 kcal/mol. Raman
spectra did not reveal any changes in the environment of
Tyr, thus only the position depicted in Fig. 5 is allowed.
Progesterone in the opposite orientation would strongly
interact with Tyr?” and Tyr'?’, which was not observed.

Discussion

Our estimation of a-helical content is higher (see
Table 1) than was determined by circular dichroism
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(CD) measurements in [29], i.e., 8% of a-helix, 60% of
B-sheets, and 10% of B-turn. Strong disagreement can be
seen for B-sheets which [29] overestimates by about 20%.
This shortcoming of CD can be easily explained.
B-Sheets are determined with the highest error in CD
spectroscopy of proteins. In all works presented, the
secondary structure content of AGP by CD [29,30] was
not discussed with regard to affecting of CD spectra by
saccharide moiety of the protein. It was demonstrated
by partial deglycosylation of AGP [30], which leads to
decreasing of B-sheet to approximately 20%, however, a
thermal stability of the protein was not influenced. It is
not probable that such an extensive rearrangement of
protein did not have influence on thermal stability.
Thus, we can conclude the fact that the error is mostly
caused by the presence of sialic acid residues which did
not affect the estimation from the vibrational spectra.
Observation of the decreasing of B-sheets in AGP
upon heating as well as full reversibility after the heat
shock is in agreement with results from CD spectroscopy
[29]. The behavior of AGP in the heating cycle did not
reveal any indications of the protein core rearrangement
in contrast with the behavior at low pH [31]. Trp thermal
dynamics of W17 mode at 877cm™! suggest high sensi-
tivity to little conformational changes of AGP. Thus, it
seems to be impossible to mark the band at ca. 880cm™!
as diagnostic, as was proposed in [32], for sialylation of
AGP as well as diagnostic for sialylation in proteins
generally because desialylation cause conformational
changes on which sensitively react Trp residues.
Whereas in an earlier study [5], binding site residues
were identified only by superposition of substrate-ligand
complexes of lipocalin family members with the modeled
structure, we are the first to report the real computer
docking of a ligand into the binding pocket. General
physico-chemical properties of the binding pocket are in
good agreement with those determined by QSAR
methods [33]. Connection of molecular modeling with
Raman spectroscopy enabled us to identify the high-
affinity binding site residues of AGP precisely (see Fig.
5). Our finding that Trp'* residue is in the binding site is
in excellent agreement with fluorescence measurements
that reported a distance between Trp and progesterone
lower than 5.5 A [34] and an influence of progesterone
binding on Trp [7]. In contrast, Forster’s radiationless
energy transfer led to a distance of about 9.1-14.1 A
[35], whereas the average distance between the w electron
systems is not greater than 7 A in our model. Lys® in
our model is located within the short a-helical segment
on the loop closing partially the binding-pocket, which
is transformed into B-sheet during binding. This plau-
sibly explains the fact that a chemical modification of at
least one lysine residue by phenylisocyanate and naph-
thylisocyanate leads to a reduction of progesterone
binding ability as reported in [35]. The presence of Tyr*’
and Tyr® deep in the binding pocket explains the fact

that progesterone in the binding site protects up to two
Tyr residues from nitration by tetranitromethane [35].

Finally, our model was verified in so many details by
vibrational spectroscopy that the model structure brings
valuable contribution to understanding the structure of
AGP and specially its ability to bind different small
hydrophobic molecules. A model of the protein moiety
of AGP in native state and with docked progesterone in
PDB-format is available upon request.
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