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Abstract: Hydrogen-deuterium exchange for streptavidin and its complex with biotin is studied by means of
attenuated total reflection (ATR) Fourier transform infrared (FTIR) spectroscopy. To analyze the spectral changes
upon deuteration, difference spectra and two-dimensional correlation spectra are calculated. We find that the
exchange rate varies with the secondary structure in which the exchanging amide protons are incorporated.
The most slowly exchanging protons, with a characteristic time constant on the order of hours, are part of the
pB-sheet secondary structure. The separation in time of exchange @fstheet from other structural elements
allows the amide Il and frequencies of thg-sheet (1530 and 1445 cn) to be identified. A second component

which exchanges more rapidly than thesheet is characterized by its amide | frequencies 1680, 1640, and
1465 cntl. This component is attributed to the exchange of amide groups in secondary structures other than
the centralg-barrel. Binding of the ligand results in a slower exchange rate of the rapid component. These
changes are interpreted in terms of structural differences observed by previous X-ray studies of one loop in
the protein involved in the binding of the ligand. The presence of the ligand is found to inhibit the exchange
of ~10 amide protons during the time of the experiment (10 h). The protected amide groups are most likely
part of theS-sheet structure, and their retarded exchange is tentatively interpreted in terms of a reduced flexibility
of the tetrameric protein upon binding of the ligand.

Introduction its embedding within the lipid membrafe’ Combining H/D

. . . . exchange with FTIR spectroscopy offers a unique opportunity
Wh_|Ie our knowledge of protein secondary and tertiary folding .to obtain a detailed description of the conformational changes
steadily increases, information about how enzymes change their,

conformation and their dynamic properties during their catalytic thaAt accc;m?ar:y Ilgantorl]'blr;dmg. f vsi h h
activity remains scarce. s a first step in this type of analysis, we have chosen

. . . . streptavidin, a well-characterized protein whose structure is
The analysis of distinct IR spectral regions can provide us known from X-rav crvstalloaraphic studi&si® The orotein is
with information on both protein structure and its dynamics. y cry grap ) p

Because the different secondary structures absorb in different® homotetramer (158 residues per monomer). It binds biotin

; ; i i — 14 p\ 11
regions of the amide | (17601600 cnr?), this band has been W't: Very h'%h aﬁ'?'tyﬂ(Kd . 4 :\Tlg F'Il\'/IlR). .
used for a long time to extract information on the secondary ttenuated total reflection ( ) spectroscopy Is &

structure content of proteih3(for a review, see Goormaghtigh sensitiy e and convenient mgthod to record IR spectra 9f F’“’teif‘s’
et al)3 Detection of the intensity changes in the amide Il (1600 gspeually membrane proteins. Alt'hough.one'works with protein
1500 cntl) or amide Il (1500-1400 cnt) regions upon films when the ATR-IR approach is applied, it has been shown
exposure of a protein toJD® provides information on the tertiary that o!iffe_rences in_ tertiary stability c_)f a pmt?i“_ are (_:haracteriz_ed
stability of the protein at a molecular level. These changes havebOt.Tj'n f'ln:S and 'E aqueoutsgssltt:)lutlon l:|>y 5|dmllar dlf;fGl;@l’(;Cﬁ? ![n
been shown to reflect the exchange of labile amide protons, amide proton exchange ra was aiso demonstrate a
whose exchange rates are determined by solvent accessibility ™ 5 vigneron, L.; Ruysschaert, J.-M.; Goormaghtigh JEBiol. Chem.

and by the conformational flexibility of the protein as well as 1995 270, 17685.
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the apparent pH in protein films spread from buffered aqueous for streptavidin and streptavidin/biotin. Details about the use of the
solutions can be retain&dand that a similar pH dependency shuttle can be found in Vigneron et<al.

of the exchange rates which is Otdatalyzed has been found Data Manipulation. The small contribution of water vapor to the

for a protein in a film and in aqueous solutish. final (background subtracted) spectra was eliminated by subtracting a
The amide I, primarily arising from €0 stretching (76 separately measured spectrum of Wate_r vapor. _Aft(_ar this sut_)tractlon,
N - . the spectra were smoothed using Gaussian apodization and this lowered

85% of the potential energy) together with an out-of-phase CN ¢ resolution to 4 cnt. When indicated (Figure 5), spectra were

stretching, a CCN deformation, and a small NH in-plane bending rourier self-deconvolved with a Lorentzian line-shape (full width at

contribution}* generally shifts by 510 cnm* to lower wave- half-height, fwhh= 20 cm?) and apodized by a Gaussian line-shape
number upon exposure of a protein to agCDenvironment as (fwhh = 10 cnt?).
recently reviewed:'® While global exchange rate of a protein Correlation Spectroscopy.2D correlation spectra were calculated

is conveniently monitored by amide Il intensity decay, informa- ff{”OWinl% the method by Nod4 as recently described by Nabet and
tion specific to different secondary structures is available in P&olet: ) ) ) ) )
amide 1. Recently, detection of the shifts in different regions of _ From the measured intensigyat timet + z, a reference intensity

amide | was shown to give access to information on the stability measured at timeis subtracted according to eq 1. The Fourier transform
in the time domain of thé\ collected spectra is calculated according

of the individual secondary structure types of a protéiH. 0 eq 2
Furthermore, because H/D exchange does not happen at the '
same rate for all the secondary structures, the kinetic analysis J(v,7) = y(w t+1) — y(v 1) (@)
of the frequency shifts observed in the course of the exchange
should help resolve the complex substructure of the amide bands. . 1< 2intg
In this paper, we investigate the spectral region from 1400 to Y(r.0) = N2 y(v.7) exp = @

1700 cntl. The amide | and Il bands fall in this region as well

as the amide’land II' of the deuterated protein. In general, ~Synchronous®(v1,v,) and asynchronoud{(v1,v,)) are then calculated

these bands consist of several subbands arising from the differenticcording to egs 3 and 4.

secondary structure domains in the protein. We show that

differences in the exchange kinetics of these subdomains can 18 - - -

be used to establish which subbands in the amide bands I, 1 *('2"2) :%ZRQY(VPQ) ReY(v2,0) + Im(Y(v1,0) IM(Y(v2,9)

Il, and II' originate from the same secondary structure type. a (3)
In this study, we also investigate the effect of ligand binding L

on the hydrogen deuterium exchange to see whether ligand _ S < S S

binding influences the dynamic properties of the protein and POm) _ﬁ;Im(Y(Vl’g) ReY(v20) + ReY(v,9) Im(Y(2,9)

furthermore, to see whether it is possible to distinguish subtle 4)

differences within secondary structure types, and to assign their

frequencies in the 14661700 cn! spectral range. The 2D correlation spectra were interpreted using the rules described

by Nod&° and more recently by Ekgasit etZl.

Difference Spectroscopy.To calculate differences between two
spectra of protein with different degree of deuteration accurately, use
was made of an internal reference. TheQ stretch band of the lipid
DMPC located at 1735 cm was used. The spectrum to be subtracted
was scaled in such a way that the resulting difference spectrum gave
the best fit to a straight line in the region from 1780 to 1720 &nA
computer algorithm (part of the software package SAFAIR obtained
from Dr. K. Oberg) implemented in the commercially available software
package Spectracalc (Galactic Industries) was used to calculate the
difference spectra automatically. Upon deuterium substitution, the
frequencies of the bands are known to be lowered by approximately
5—15 cnmt. Accordingly the difference spectrum between the D and
H form is expected to consist of sigmoidal features at these frequencies.
However, due to overlap of the bands of the H and D form, the extrema
in the H-D difference spectrum do not correspond to the frequencies
h _ ‘ . of the original bands. To solve this problem and to obtain usable
solution corresponding to 74 of protein was spread on a germanium information, we suggest here a solution that relates the band shift upon

ATR plate and dried by passing a stream of nitrogen. over the plate. exchangeAw, to the frequency separatioB, that can be measured on
Before the samplt_a_ solution was spr_ead, the germanium surtace WaShe difference spectra between the maximum and minimum of the
rendered hydrophilic by treatment with basic detergent, washing with S-shaped features. The bands were supposed to be Lorentzian in shape

methanol and c_hloroform, and finally clegning in a plasma cleaner ;, o ger 1o obtain an analytical solution to the problem. The difference
(PDC-23G, Harrick, NY). Hydrogen deuterium exchange was effected go04rym diffg) obtained by subtracting a band of fwhh and shifted
by passing a stream of,D-saturated nitrogen gas over the protein by Av cm™L is described by

film. Spectra for protein samples with and without biotin were collected

Experimental Section

Materials. Streptavidin, biotin, and dimyristoylphosphatidylcholine
(DMPC) were obtained from Sigma Chemicals used without further
purification.

Sample Preparation.Protein and biotin solutions were prepared in
2 mM Hepes/Tris buffer solution (pH 7.2). The protein and biotin
concentration were determined by weight. Bietprotein mixtures were
incubated for at ledasl h atroom temperature before use, and a small
excess of biotin was used-(0%). Final pHs of protein and protein
biotin solution were checked and found to be the same within the
accuracy of the pH meter<0.05 pH unit).

Methods. Spectra were recorded with a Bruker IF55 Fourier
transform infrared spectrophotometer equipped with a mercury cadmium
telluride detector with a resolution of 2 cfh A volume of the sample

using a sample shuttle. The beginning of the second sample started 2 2
) . . I : o . _ fwhh fwhh
only 20 min after the first one, ensuring similar experimental conditions diff(v) = > > > 5 5)
fwhh® + 4(v — Av)®  fwhh® + 4v
(13) Goormaghtigh, E., de Jongh, H. H. J.; Ruysschaert, JApfl.

Spectrosc1996 50, 1519. To determine the frequency of the extrema in the difference spectrum,
(14) Krimm, S.; Bandekar,. Adv. Prot. Chem.1986 38, 181. the derivative of this expression was set equal to 0 and solved, for
(15) Goormaghtigh, E.; Cabiaux, V.; Ruysschaert, J.9Mbcell. Bio-

chem.1994 23, 363. (18) Noda, I.Appl. Spectrosc199Q 44, 551.

(16) de Jongh, H. H. J.; Goormaghtigh, E.; Ruysschaert, Bibkhem- (19) Nabet, A.; Peolet, M. Appl. Spectroscl997, 51, 466.

istry 1997 36, 13593. (20) Noda, I.; Dowrey, A. E.; Marcott, CAppl. Spectrosc1993 47,

(17) de Jongh, H. H. J.; Goormaghtigh, E.; Ruysschaert, Bibdthem- 1317.

istry 1997 36, 13603. (21) Ekgasit, S.; Ishida, HAppl. Spectrosc1995 49, 1243.
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Figure 1. ATR-FTIR spectra of 7Qug of (apo)streptavidin on a  Eigyre 2. ATR-FTIR spectra of 7kg of streptavidir-biotin complex

germanium crystal recorded during the H/D exchange. The protein film during the H/D exchange. For details see legend of Figure 1.

was cast from ZL of protein solution in 2 mM Hepes/Tris buffer (pH

7.2) Time points at which spectra were taken vary from 0 to 636 min 1.0

after the start of the ED-saturated MNflow over the protein film on

the germanium crystal. Spectra were recorded every 30 s from 0 to 10

min, then after 13, 17, 33, 49, 96, 156, 216, 276, 336, 396, 456, 516, 08 1x10 ©

576, and 636 min after the beginning of the kinetics. The arrows indicate

the direction of the intensity change during the exchange. § 0.6 -
3 x 10

yielding two real solutions: s (b)
2 0.4

Vmax,min = Ry

%AV + %:_3\/AV2 — fwhh? + 2v/fwhh* + fwhh?Av? + Av* (6) 02 @)
0.0 ""."I""I""I""I""I""I"“

The frequency separatidh between the two maxima in the difference 1750 1700 1650 1600 1550 1500 1450 1400

spectrum is obtained as the difference betwagn andvmi, given in

eq 6. After simplification, it is described by Wavenumber (cm™)

Figure 3. ATR-FTIR spectra for the undeuterated forms of streptavidin
and the streptavidinbiotin complex (a, solid lines). The difference
spectrum obtained by subtraction of the spectrum of streptavidin alone
from the spectrum of the streptavidibiotin complex is computed
which can be solved foAv: before (b) and afte4 h of exposure to BO vapor (c). An ATR-FTIR
spectrum for biotin is shown as dashed line.

D= ?x/ Av? — fwhh? + 2V/fwhh* + fwhh?Av? + Av® (7)

— 2 2 2 2

Av= \/ fwhh? = D"+ 2DViwhh"+ D ® intensity at the high-frequency side of the amide | band and
Expression 8 describes how the band shift upon deuterationjs increase at the low-frequency side.
related to the frequency separation of the extreman the difference For comparison we show in Figure 2 the series of IR spectra
spectrum. It appears that this expression also depends on the fwhh ofrecorded during the deuteration of the streptavidiiotin
the band that experience the shift. complex. The spectra before deuteration are very similar;
Results and Discussion indicating that the ligand binding dqes nqt gffect significantly

the secondary structure of the protein. This is further illustrated

H/D Exchange.In Figure 1 we show the result of a typical in Figure 3, where the spectra for the protein alone and for the
H/D exchange experiment. Shown are the changes in intensitiesstreptavidir-biotin complex are overlaid (see a). Shown in the

of the absorption bands of streptavidin in the 173@00 cnt? upper part of the graph are the differences between spectra of
spectral region during the course of the deuteration. The spectrathe bound and free form of the protein before deuteration (b)
were recorded at defined time points in the intervatslO h and after 10 h of exposure to,D (c). Interestingly, biotin
after the start of the flow of ED-saturated nitrogen gas over (Figure 3, bottom, dotted line) has a moderately strong absorp-
the protein film on the ATR crystal. tion band at 1460 crt (assigned to CH vibrations), with an

As can be seen on Figure 1, there is a gradual increase of thentensity approximately half of its strongest absorption band at
amide Il band near 1450 cm accompanied by a decrease of 1680 cn1?! (assigned to the carbonyl of the ureidino moiety
the amide 1l band near 1540 ch An isobestic point occurs  (Figure 3, dotted line)). Yet, near 1460 chnthe difference
near 1480 cmt. In the amide | band (between 1700 and 1600 spectrum is practically zero. We therefore conclude that the
cm 1), a decrease of the absorbance at high wavenumbers andatontribution of biotin to the total absorbance is negligible and
an increase at low wavenumbers occurs. It is well-known that that the differences in absorbance at other frequencies are mainly
the subbands under the amide | envelope shift a few wavenum-due to small changes in protein secondary structure upon ligand
bers to lower frequency upon deuteration. Due to the overlap binding.
of these bands, deuteration results in a net decrease of the The difference between free and ligand bound proteins after
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spectrum (21 min). Apparently a large number of the amide
protons exchange very rapidly under the experimental condi-
tions.

First we discuss the difference spectra pertaining to strepta-
vidin without ligand (right panel of Figure 5). Looking at the
late difference spectra (between 120 and 60 min or 600 and
360 min) we observe two main S-shaped features. The first one
. presents a minimum at 1695 ciand a maximum at 1685
10 20 cm™1, while the second one has a minimum at 1634 €and
a maximum at 1620 cri. In agreement with the documented
slow exchange gf-sheet structurdd’we assign these features
to the exchange gf-sheet amide protons. This assignment is
also in agreement with the known infrared spectrurn-sheet
o - biotin , which presents two bands in the amide | region. A high-

" 100 200 300 400 frequency component (called B1) is observed between 1695 and
1675 cnt! and a main band (called B2), about 10 times as
intense as the former, between 1623 and 164I'c(for a
review, see Goormaghtigh et®l.Upon deuterium substitution,

-
o
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Figure 4. Integrated amide Il intensity referenced to the integrated

amide | intensity of streptavidin (spectra shown in Figure 1) as a -
function of time after the start of H/D exchange. The insert shows the the frequencies of these two bands are known to be lowered by

early time period of the experiment. Integration limits: amide I, 2700 approximately 5-10 cnt*. Accordingly the difference spectrum

1600 cnt; amide 11, 1560-1500 cnt™. No further baseline corrections ~ Detween the D and H form gf-sheet is expected to consist of
were made for the integration. The time points before 0 have been two sigmoidal features at these frequencies. However, due to

recorded before starting the;O/N, flow. overlap of the bands of the H and D form, the extrema in the

. : N H—D difference spectrum do not correspond to the frequencies
10 h of deuterz_atlon (Figure 3, curve c) is S|gn|f|ca_nt_l_y I_arger of the original bands. To solve this problem and get usable
than before (Figure 3, curve b). For the streptaviaiotin information, we therefore used the method described in the

complex, a _higher apsorbapce_in the amide Il and a 'F’WGf Experimental Section. For thésheet structure, values of 17
absorbance in the amidé fegion is observed after deuteration -1 (near 1620 cm?) and 9 e (near 1690 cm) have been

indicating a lower degree of deuteration when the ligand is o5 te for the band fwh##:24Since we are looking at a well-
bound. To quantify this further we have plotted in Figure 4 the o 4ereqs-sheet component, it seems reasonable to consider a
integrated amide Il intensity referenced to the amide I integrated 1, hh of 17 cnT! near 1620 cmt. The frequency separatid

intensity as a function of timé The lower degree of deuteration  eeen the extrema of the S-shaped features observed in Figure
in the presence of biotin is also evident from this graph. As 5 ¢, the 8-sheet contribution is about 15 cifor the low-

can be seen .from F.igure 4,_th¢ difference i_n the degree of frequency band and—710 cnt! for the high-frequency band.
deuteration arises quite early in time and remains constant aﬁerUsing eq 8 we find a shifiw of the absorbance band is ca. 13
120_m|n. . cm1 for the low-frequency band and-® cm ! for the high-
leference_Spectra. To attempt to assign th_e exchange_ frequency component. It comes that the low-frequency com-
process to different secondary structure types in the proteln,Ioonent shifts from 1633 to 1620 crhand the high-frequency

we calculated the differences between consecutive Spec”%omponent from 1694 to 1686 crhin complete agreement with
recorded during the experiment. The information on the nature .o | nown behavior of-sheet upon H/D exchange.

of the e_x_changing secon_dary structure should be contained in Finally, it is of interest to note that the slowly exchanging
the position of the peaks in the difference spectra. To calculateﬂ_sheet component presents a negative broad band centered
these differences accurately we added the lipid dimyristoylphos- around 1530 cmt and a positive band around 1440 ¢
phatidylcholine (DMPC) as an internal standard to the sample. assigned to the amide 11 and amidé dbntributions.

DMPC has an absorption band at 1735 ¢érbut no band in As can be seen in Figure 5, the difference spectra change

Fhe amide | and Il region. The presence .Of the lipid did not gradually with time, indicating that different secondary structures
influence the exchange kinetics of the protein to any measurableexchange with different rates. While the above discussion
exlt:entt(r?atatnottshg\_/vn). d streptavidibioti lex. dif focused on the slowly exchangigsheet component only, we
or the streptavidin and streplavieibiotin complex, dit- ote the following changes in the time course of the experiment.
ferences between pairs of successive spectra measured at 0,1 negative band at 1680 chuis present in the early

2,4, 8, 16, 30, 60' and 120 min af@er t_he start of the flow of difference spectra and disappears after 60 min. Second, the main
D,O-saturated nitrogen are shown in Figure 5. We also show

; . maximum in the amide | difference spectrum shifts with time
the difference between spectra taken between 360 and 600 MiMom 1625 to 1618 cmt. Third. while little shift is visible in
after the start of the experiment. The uppermost spectra in the '
left and right panels of the figures will be discussed later. The
original spectrum as well as the Fourier self-deconvolved
spectrum are presented on top of the difference spectra. In
agreement with the higli-sheet content in the protein (Table
2), two main features appear in the amide | near 1690 and 1630
cm™1, characteristic of thg-sheet structures (for a review, see
Goormaghtigh et &).

As can be seen, the amplitude in the first difference spectrum

(1—0 min) is approximately 20 times larger than in the second  (23) Chirgadze, Y. N.; Shestopalov, B. V.; Venyaminov, SBibpoly-
mers1973 12, 1337.

(22) de Jongh, H. H. J.; Goormaghtigh, E.; Ruysschaert, JAMAI. (24) Goormaghtigh, E.; Cabiaux, V.; Ruysschaert, J.9dbcell. Bio-
Biochem.1996 242 95. chem.1994 23, 329.

the amide Il region, there is a gradual displacement of the
maximum near 1460 cm toward lower wavenumbers (1440
cm1). Finally, we note the appearance of bands in the difference
spectra near 1580 cth a region normally not associated with
amide backbone vibrations. Bands around 15807'cin the
difference spectra display both rapid and slow changes and are
most likely due to amino acid side chains, probably the
guanidino group of Arg and/or the carboxylate group of Asp
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Figure 5. Differences between spectra taken at different time points (indicated on the left side) during the course of deuteration: left column,
holostreptavidin; right column, apo-streptavidin. Uppermost spectra in both columns labeled “biotin induced” and “turn-like” result froratizemipu

of the other spectra shown (see text). A positive amplitude in the difference spectrum implies an increase in intensity during exchange at that
frequency. The series of difference spectra for streptavitiatin were scaled by the same constant, such that the maximum intensity of the amide

| peak before deuteration is the same for both free and ligand-bound forms.

Table 1. Summary of the Major Anticorrelation and Correlation Features

Slow  Fast Tyr  beta Side- Side- Siow Fast Tums Tums  Tums  Slow
beta  beta chains chains beta  befa beta
H4ds 1475 1511 1530 1538 ({580 1610 1622 {1640 1878 1695
H44g | 4 T44m d44s adg 11445 1445
1469
1475
s 1830 1530 1535 1546 1530 7530 7530
z
7 1580
# 822 1830 1610 1622 1622 1622, 1622 1622
.
w, | 1650
s s {675 1675 1675 1675
1
. 693

2The first line of the table reports the main frequencies®rwhere anticorrelation peak appears. The frequencies which anticorrelate are found
below in the column. The two major groups of frequencies discussed in the text are framed with solid or dotted lines. The curved up/down arrows
indicate whether the intensity decreases or increases according to the correlation 2D map (Figure 6, right panel). Tentative assignmest$ are report
on top of each column.

and Glu residue&-26 Solvent-exposed side chain groups usually ~ Because of the overlap of the different components present
exchange very quickly. However, salt bridges between Arg and in the spectra, difference spectroscopy or Fourier self-decon-
Asp residues might explain the slow exchange observed. volution cannot resolve them any further. In a second step, we
have used 2D correlation techniques to resolve important
components of the spectra.

2D Correlation Analysis for Apo-streptavidin. As a tool

(25) Chirgadze, Y. N.; Feodorov, O. V.; Trushina, N.Bopolymers
1975 14, 679.
(26) Venyaminov, S. Y.; Kalnin, N. NBiopolymers199Q 30, 1243.
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Figure 6. Left panel: asynchronous 2D correlation spectra for H/D exchange of streptavidin. Time window600.5nin after the start of D
flow. Solid lines represent positive contours, dotted lines negative ones. The spectra are by definition antisymmetric across the diaganal. Contou
lines are drawn at a log interval. Right panel: synchronous correlation map.

Table 2. Number of Amino Acid Residues per Secondary a cross-peak appears in the 2D asynchronous correlation plot.
Structure Class in the Crystal Structure of Streptadidin The sign of the cross-peak can be either positive or negative,
B- a- 30 depending on whether the changes at frequency 1 lead or lag
sheet irreg. bend turnhelix helix totaP behind those at frequency 2. The absence of a cross-peak
streptavidin 68 23 16 5 2 8 122(77%) between two frequencies implies that the changes in intensity

streptavidin-biotin - 67 24 14 6 4 6 121(77%)  occur with nearly the same rate. By definition, the spectrum is
2 Numbers were obtained from analysis of the structures with PDB antisymmetric across the diagonal.

code 1stp and 1slf using the procedure by Kabsch and Sanders (1983). Figure 6, left panel, reports the anticorrelation 2D map

When two chains were present in the structure, the average values werg,~1vaen 1700 and 1400 ci The solid lines represent positive

taken. Total number of residues included in the structure model and . X :

percentage of the total number of residues in the protein. contours while dotted lines show the negative ones. We note
that the dotted contours, which are difficult to trace, appear as

to analyze the H/D exchange kinetics further, we have applied positive contours across the diagonal of the spectrum and are

two-dimensional correlation analy3ido the series of spectra  more clearly visible there. Also shown along the abscissa of

shown in Figure 1, using eqs—# as described in the the 2D spectra are the ordinary 1D spectra of the proteins before

Experimental Section. As in the first minute of the exchange and after 360 min of exposure to the® flow.

kinetics, a number of processes take place such hydration and A first important information comes from the observation of

swelling of the protein film which may be superimposed to the several peaks close to the diagonal. These peaks indicate the

exchange proces8?? we decided to analyze only changes presence of nonhomogeneous kinetic behavior at two close

occurring after 1.5 mint(in eq 1 is set to 1.5 min). In turn, i frequencies. Major disrelations found within 20 cheppear

the subsequent analysis, the fastest exchanging componentgetween 1695/1680, 1680/1675, and 1645/1622cim the

which include the disordered part of the structure and probably gmide | region, 1546/1538 crhin the amide Il region, and

a fraction of the turns, will not be considered. It is importantto  1465/1445 and 1465/1475 ciin the amide I region. The

note here that ca. 25% of the amide protons are already anticorrelation analysis is therefore able to resolve components

exchanged before we start the analysis. As noted in earlier of the spectrum close in frequency but characterized by different

applications of 2D correlation analysi?” we found the so- (/D exchange kinetics. All the cross-peaks mentioned above

called disrelation or asynchronous correlation spectrum to be gppear on Figure 6, left panel, and are italicized in Table 1.
more informative. Essentially, the asynchronous correlation

spectrum shows the degree of disrelation between the kinetic
of the changes in the intensity at two different wavelengths. If
the kinetic rate constant for the changes in intensity are different

To get an overall picture of the information contained in the
2D anticorrelation map, it is useful to observe that the main
intensity spots are located at a limited number of well-defined
'frequencies: 1445, 1465 crhin amide I, 1530, 1585 cm!

(27) Burie, J.-RAppl. Spectrosc1996 50, 861. in amide 1, and 1622, 16801685 cnt! in amide I. These
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frequencies can be separated in two main groups: 1445, 1530Such frequencies are indicated by an upward arrow in the left
1622, and 1695 cnd (dotted frames in Table 1) which  column of Table 1.

systematically anticorrelates with the other group, 1465, 1585, In summary, from the 2D analysis of the exchange data we
1658, and 1685 cmt (solid frames in Table 1). That the find that process can, in a first approximation, be modeled by
members of one of the group do not disrelate one with another three components: a slow component which can be assigned
can be checked by the absence of cross-peak among them ot 5-sheet, shifting from 1633 to 1622 cf a faster-sheet
Figure 6 or in Table 1 with the only exception of 1622 ¢m component shifting from 1640 to an unidentified frequency,
which disrelates with 1530 and 1695 cinWe suggest here  though likely to be superimposed to the 1633 €siow 3-sheet;

that this anomaly is due to the large intensity change at 1622 and “turn” structures.

cm2, which enhance very small kinetic differences. So, allthe ~ T0 gain more information into the fagtsheet component,
components of one group have roughly similar exchange kinetics We attempted to “reconstruct” its infrared spectrum by subtract-
which, however, differ markedly from these observed for the INg @late difference spectrum (680 min) supposed to contain
other group. It is therefore possible that all the members of each ®Ssentially slowly exchanginfssheet contribution from an early
group belong to a same secondary structure and it is certain®n€ (2-1 min) which contains both the slogrsheet and fast
that all the members of the other group belong to another part/-Sheet components. The same procedure was applied to the
of the protein with a different H/D exchange dynamics. In a (120-60 min) and (42 min) spectra and the results were

first approximation the 2D correlation plot may therefore be avetrqgetq. ?ubtr?ﬁnoln Wai S(t:aled n sutch a way tlhat the
understood in terms of two major protein secondary structure contribution from the sloyB-sheet component was minimal near

types exchanging at different rates; thesheet structure with 1.622 cnt’. The re_constructed component is shown in the upper
absorption bands at 1622, 1530, and 1445 tms already nght_ corner of F'gt.”e S Interestin_gly, the_ frequency of the
described on the basis of the difference spectra and one ornaximum in the am_lde'll(l465_ cm) is identical to that found
several structures with bands at 1685. 1675. 1658. 1640. 1585 from the 2D clorre!atlon analysis for the fast component. Whether
and 1465 cm?. It is interesting to poi,nt out ’that tﬁe pre,sent the 1465 cm* amide If component belongs to the second type

. . . o - of B-sheet and/or to turn components cannot be decided here.
approach helps assignments in the amide | anetgions which Streptavidin—Biotin. Figures 3 and 4 indicated that deu-
are usually poorly investigated.

teration is slower for streptavidin when it binds its ligand biotin.
The disrelation spectrum in the amide | region is more |n the left panel of Figure 5 the difference spectra for the
difficult to interpret. In the amide | band area, a number of streptavidin-biotin complex are shown. As can be seen, the
frequencies are characterized by weak anticorrelation cross-presence of the ligand does not greatly modify the kinetics of
peaks. Yet, the 1640/1622 cicross-peak is well-marked and  deuteration of streptavidin and the characteristic features of the
provides an interesting insight into thfesheet structure IR difference spectra. The 2-D anticorrelation map for the strepta-
component in the amide | region. The presence of this cross-vidin—biotin complex is also nearly identical to that of
peak thus indicates that two distinct structures absorbing in the streptavidin alone, confirming that the spectral components are
B-sheet region of amide |. The 1695/1680 and 1680/1675'cm  the same (not shown). One of the main visible difference that
cross-peaks are weak, and it is more difficult to assign them to appears in Figure 5 is that the S-shaped band with a minimum
a particular structure. However, they are consistently presentat 1678 cm* and a maximum at 1663 crh disappears more
in these experiments. We tentatively assign 1695 and 1622 cm slowly for the streptavidifrbiotin complex. In fact it can still
to B-sheet as already discussed on the basis of differencebe observed in the 66660 min difference spectrum. To
spectroscopy data (Figure 5) and 1640 érto a second type  illustrate this further we have subtracted the—G0 min
of B-sheet. It is important to stress here that it does not imply difference spectrum for the protein alone from the corresponding
here that the secondary structure is strikingly different in terms difference spectra for the biotirprotein complex. The result
of its geometry, the results only indicate a marked difference of the subtraction is the effect of biotin binding on the difference
in the exchange rate. In the amideé fiégion, the 1465 crri spectra. It is shown in the upper left panel of Figure 5. As can
frequency disrelates with the slgfvsheet but not with the fast ~ be seen the spectrum for the biotin-induced component and that
one. It is therefore likely that the fagsheet structure has a  for the fast exchanging structures computed previously (Figure
component at 1465 cm in the amide I1. The other frequencies 2 fight panel) are almost similar but obviously different from
(1658, 1675, and 1680 cr¥) could be due to the turn  the slowp-sheet difference spectrum. Furthermore, the biotin-
contributions. Careful analysis of the 2D correlation map mdulced difference spectrum presents a maximum near 1640
calculated over shorter period of time (from 1.5 to 10 min, from €M * @ frequency previously assigned to the fast exchanging
10 to 50 min, and from 50 to 600 min, data not shown) indicates [-sheet contribution. From this, we conclude that biotin binding
that 1675 cm! component appears only in the second part of retqrds the exchange of the fast exchangjimjweet component
the kinetic while the 1680 and 1658 cicomponents are while the exchange of the slofrsheet is affected to a lesser

present at the beginning of the kinetic in agreement with a fastere;(éegfq' t\sNg tchhzﬁf%reofcogft!‘%? th;)tatr?:l pr:‘etieencreog.;he ligand
exchange usually found for turn structures. Other frequenciesp v X g P t ! protein.
such as 1610 and 1585 cfnare most likely associated to the  Discussion

exchange of amino acid side chains. Structure of Streptavidin. The protein has a closetibarrel
Though less detailed than the anticorrelation map, the with eight antiparallel strands as its central core. Approximately

correlation map (Figure 6, right panel) allows us to determine half of the amino acid residues are part of tfidbarrel, the

the sign of the intensity changes. Indeed, since we know that other half consists mainly of loops connecting fhstrands. In

the intensity of amide Il in decreasing with time, any positive Table 2 the distribution of the amino acid residues over various

correlation with amide Il indicates a decreasing intensity. Such secondary structure classes is listed. In the available X-ray

frequencies are indicated by a downward arrow in the left structures, not all residues are included (N- and C-terminal parts

column of Table 1. Conversely, any positive cross-peak with are missing), and therefore, the numbers in Table 2 should be

the amide Il band indicates an intensity increasing with time. interpreted with caution.
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Interestingly, from the crystal structure, we know that the  The small differences in the IR spectra observed for the free
pB-strands in the barrel vary in length, from 5 to 13. Four and biotin-bound forms of the protein are entirely consistent
monomers containing each ofiebarrel form a tetramer, and  with the limited small changes in the crystal structure upon
in this superstructure, the longer strands of the barrels arebinding of the ligand. The structural differences observed in
involved in the intersubunit contacts and thus buried, while the the studies cited above for the-8 loop may explain some of
shorter ones are exposed to the solvent. The difference in solventhe differences in the H/D exchange rates observed by IR
exposure and the fact that the part@efheet with longer strands  spectroscopy. The small difference in protein conformation as
are believed to be more stable make it plausible that the amidedetected by IR spectroscopy might be induced by this limited
proton exchange of the longer strands occurs more slowly. conformation change.

Kleffel et al28 have previously found a correlation between the Study of the thermally induced denaturation of streptavidin
average length ofj-strands and the frequency gisheet has shown an increased stability of the protein in the presence
absorption band near 1630 cin The longer the strands, the  of |igand. Indeed remarkable is the change in the midpoint
lower the frequency. According to the results presented here, qemperature for thermal denaturatidg, upon binding of the
biotin would not affect the exchange of the longer strands |igand. For streptavidiy, increases from 75 to 11 32 The
forming the core of the tetramer. _ increased stability has been interpreted in terms of an enhanced

Structural Differences of the Apo And Holo Proteins. —  cooperativity of the thermal unfolding of the four subunits in
X-ray crystallographic studies have shown that the structure for \4|5nrotein, due to stronger intersubunit associatidfrom the
the free and biotin-associated forms of streptavidin are Very crysta) structures we know that the biotin-binding site inside
similar. However, in regions involved in the binding of the_ the barrel is made up by tryptophan indole groups. One of these

ligand, structural differences have been observed. There isg.q ng is donated by the neighboring monomer. If biotin binding
experimental evidence that the conformational and dynamical oqits in increased rigidity of the tryptophan rings one has a

properties of the loop between tfiestrands 3 and 4 (comprising  jiely mechanism to explain the enhanced stability of the
residues 4552) are modified by the presence of the ligand. (otramer upon ligand binding.

Studies by Freitag et a.on streptavidin have shown that in Recent X-ray studies on streptavitinevealed no systematic
the absence of the ligand the loop may adopt various Conforma_change in the quaternary structure of the tetrameric protein that

tions depending on the proteiiprotein interactions in the . oy S e

particular crystal type. Generally, the loop adopts an open can be associated with biotin binding, indicating that only the

conformation. with residues 5652 ’in a 3, helical structure stability of the tetrameric form is modified upon ligand binding.

In certain crystals, the loop is disordered and cannot be tracedThe mc_:reased stability of th? protein may _be related to the

in the electron density map; in others, the loop adopts the protection of a “”mbef of amide groups against exchange. As

“closed” conformation also found in the presence of the ligand mentioned above, the inter-subunit contacts in the tetramer are
" mainly between the strands of fogrbarrels. It is therefore

The temperatur®-factors for the atoms in the loop when no ; . o .
ligand is present are comparable to the avegactor for the plausible that an increased rigidity of the tetrameric form results

main chain atoms in the protein. In the absence of the ligand, " inhibition of exchange of som@-strands.

the B-factors for the loop atoms are considerably higher, In conclusion, the combination of the IR spectroscopy
suggesting that in the absence of biotin the loop residues aretechnique with 2D FTIR spectroscopy with H/D exchange as
mobile. In their X-ray studies on apoavidin, Livnah e%found external perturbation was able to resolve the IR spectra into
the 3-4 loop to be disordered while Pugliese e%&lound the much greater details than static IR spectroscopy. Furthermore,
closed conformation. They noted however thatBaictors for changes in the protein dynamics as measured by amide H/D
the loop atoms were higher in the absence of the ligand than inexchange kinetics could be compared in the presence and in
its presence. Proteolysis experiments on the aviblintin the absence of ligand. Which secondary structure type was most
systend! have shown that, in the absence of ligand, the binding affected by biotin binding on streptavidin was determined.
loop is susceptible to cleavage, which is not the case when biotin
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