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ABSTRACT. The M13 major coat protein has been extensively studied in detergent-based and phospholipid
model systems to elucidate its structure. This resulted in an L-shaped model structure of the protein in
membranes. An amphipathichelical N-terminal arm, which is parallel to the surface of the membrane,

is connected via a flexible linker to arhelical transmembrane domain. In the present study, a fluorescence
polarity probe or ESR spin probe is attached to the SH group of a series of N-terminal single cysteine
mutants, which were reconstituted into DOPC model membranes. With ESR spectroscopy, we measured
the local mobility of N-terminal positions of the protein in the membrane. This is supplemented with
relative depth measurements at these positions by fluorescence spectroscopy via the wavelength of maximum
emission and fluorescence quenching. Results show the existence of at least two possible configurations
of the M13 amphipathic N-terminal arm on the ESR time scale. The arm is bound either to the membrane
surface or in the water phase. The removal or addition of a hydrophobic membrane-anchor by site-specific
mutagenisis changes the ratio between the membrane-bound and the water phase fraction.

The M13 major coat protein of the filamentous bacte- Relative depth and local dynamics of specific sites in the
riophage M13 is studied to elucidate fundamental questions protein, reconstituted in phospholipid model membranes,
involving protein—DNA, protein—lipid, and proteir-protein were measured by a single cysteine-scanning approach. In
interactions. With about 2800 copies, the M13 major coat this approach, a fluorescence or ESR probe was attached to
protein is most abundant protein in the phage, where it specific sites in the M13 major coat proteidO-12).
protects the single stranded viral DNA (for a review, see ref Fluorescence quenching, magnetization quenching, mobility,
1). During the infection of thé&escherichia colicell, newly and polarity probing showed a surprisingly deep burial of
synthesized protein is stored into the inner membrane beforethe C-terminal lysine residues in the membrane. In contrast,
it is used in the production of new bacteriophag®s For the two phenylalanines are in a more shallow position. The
understanding, the mechanisms involved in the viral repro- organization of those amino acids are suggested to comprise
duction cycle, knowledge is essential about the membrane-an anchor of the C-terminal end to the membrat@ {1).
bound assembly and dynamics of the M13 coat protein.  Furthermore, a fluorescence study showed the importance

The primary structure of the coat protein consists of 50 Of leucine 14 and phenylalanine 11 for the anchoring
amino acids (Figure 1) in which three domains can be interactions of the amphipathic N-terminal arm to the
distinguished: an acidic amphipathic N-terminal arm, a membrane. Replacement of those amino acids residues by
hydrophobic segment, and a basic C-termindis4j. The alanines resulted in a more extended configuration of the
protein has been extensively studied in membrane-modelN-terminal arm {2).
systems by biophysical techniques. These studies resulted Site-specific spin labeling has been employed for a number
in an L-shaped structure of the protein in a membrdie ( of membrane and soluble proteins to obtain structural
7). In this model, an amphipathic N-terminal helix is oriented information (3, 14). The dynamics of nitroxide spin labels
parallel to the surface of the membrane and is connectedare significantly affected by the local structure and environ-
with a flexible linker to a transmembrane-helix. The ment of the position to which they are attached to the M13
assignments of amino acids in the helical domains are protein (L1). In the present study, additional information is
schematically depicted in Figure 1. The N-terminal segment obtained about the N-terminal section of the protein,
of SDS-bound M13 coat protein showed dynamics on the reconstituted in DOPE,by using ESR and fluorescence
picosecond and nanosecond time scale as was shown bypectroscopy. Our results indicate the presence of a membrane-
NMR spectroscopy§, 9). bound and a more extended configuration of the N-terminal

section of the protein.
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Ala label was allowed to react with the SH-groups of the mutants
Glu for 30 min at 20°C. The labeling reaction was stopped by
Sy <€ 10 15 an addition of an excess gtmercaptoethanol. In the final
Qsp B step, free label and remaining impurities were removed from
P r°té';@:?:!?%i@\?aiﬂia*?he%\s“’SE‘?“e“‘@’“A@Serﬁ\la the labeled mutant coat proteins using size exclusion chro-
? T¢ TT T Thr 4 matography. The about 95% pure protein, labeled with
GEW IAEDANS or maleimido-proxyl, was now in a buffer

containing 50 mM cholate, 10 mM Tris-HCI, 1 mM EDTA,
150 mM NacCl at pH 8.

Reconstitution of Labeled M13 Coat Protdimbeled M13
major coat protein was reconstituted into DOPC (Avanti
polar lipids) using the cholate-dialysis methaotb), The
amount of protein was chosen such that the lipid-to-protein
molar ratio (/P) was about 100. Samples contained about
4 mg of phospholipids for ESR spectroscopy and about 1
mg for fluorescence spectroscopy. Chloroform was evapo-
rated from the desired amount of phospholipid solution and
the residual traces of chloroform were removed by drying
under vacuum for at least 2 h. The lipids were subsequently
solubilized in 50 mM cholate, 1 mM EDTA, 150 mM NacCl,
10 mM Tris-HCI, pH 8, and mixed with labeled protein. In
the following step, the lipietprotein mixture was dialyzed
for 60 h against a 100-fold excess buffer containing 1 mM
EDTA, 150 mM NacCl, 10 mM Tris-HCI at pH 8. The buffer
was replaced every 12 h.

Steady-State Fluorescence Spectroscdpyorescence
spectra of the labeled mutants were collected att2@.5

Thr

Ser °C using an excitation wavelength of 340 nm on a SPEX
,';{as Fluorolog 3-22 fluorometer equipped with a 450 W xenon
Ser lamp as an excitation source. Excitation and emission

FIGURE 1. Arbitrary representation of the primary structure of the bandwidths were set to 1 and 3 nm, and spectra were

M13 major coat proteind). The arrows point to the positions that  yrecorded between 400 and 600 nm. Samples of 1 mL were

the ;n#;%tizgtmoa%szgﬂzr;ees;:]db‘ﬁf‘]éﬂg)z(%;e?hf%ggfsfg’vﬁsem?n 1 cm light-path fused silica cuvettes (Hellma model 114F-

amino acids 716 in ano-helix. QS), and the optical density at 340 nm never exceeded 0.1.
The spectra were corrected for background signal (empty
vesicles) and sensitivity of the photomultiplier. The wave-

MATERIALS AND METHODS length of maximum emissionifay) was obtained from the
fluorescence data.

Preparation and Purification of Labeled Single Cysteine  Fluorescence quenching data were obtained and analyzed

Mutants.Site-specific cysteine mutants were prepared with as described by Meijer et alL 7). Aliquots of an acrylamide

the QuikChange Site-Directed Mutagenisis Kit from Strat- stock solution (3 M acrylamide, 150 mM NaCl, 10 mM Tris-

agene. The vector pT7-7, with the major coat protein HCI, 1 mM EDTA, pH 8) were added to samples of labeled

geneVlll as insert was used as the template for this protein that was reconstituted into in DOPC. After every

procedure. The oligo-nucleotides were purchased from addition of acrylamide, the decrease in fluorescence intensity

Amersham Pharmacia Biotech. The sequence of the mutanivas measured. Appropriate corrections for dilution were

DNA was verified using automated DNA sequencing. made for these quenching experiment. The St&tolmer

Correctly mutated plasmid DNA was transformed into constantKs,) was obtained from the fluorescence dat8, (

competente. coli BL21(DE3) cells (5). 19) according to the SterAVolmer equation for collisional

Mutant M13 coat protein was purified, and labeled with quenching:

IAEDANS as is described by Spruijt et afld). First was

mutant protein overexpressedkn coli, and the membrane Fo _

fraction was collected. Second, the membrane proteins were I 1+ K@l

extracted from the membrane, and separated on hydropho-

bicity using reversed-phase chromatography. After this step, whereF, andF are the fluorescence intensities in the absence

the about 85% pure mutant coat protein was in a mixture of and the presence of the quenchekg.is the Stera-Volmer

35% 2-propanol/water (v/v) and 0.1% triethylamine (v/v). quenching constant.

The mutant coat protein was subsequently labeled with ESR Spectroscopg.comparable experimental set up was

IAEDANS (Molecular Probes) or maleimido-proxyl (Sigma). used as is described in Stopar et 20)( Samples of 1 mL

Slight modifications were introduced in the procedure for of reconstituted mutant coat protein were freeze-dried

the attachment of 3-maleimido-proxyl spin label to the single overnight, and dissolved in 10 mM Tris-HCI, 1 mM EDTA,

cysteine mutants. An excess of spin-label was added to theand 150 mM NacCl, pH 8, yielding multilamellar vesicles.

protein fraction after reversed-phase chromatography. TheThe vesicles were concentrated by centrifugation at 20 000
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rpm in a Beckman Ti75 rotor at 2. Fifty microliter glass
capillaries were filled up to 5 mm with vesicles containing
labeled mutant coat protein. These capillaries were inserted

into standard 4 mm diameter quartz tubes. ESR spectra were ATCIL14A
recorded on a Bruker ESP 300E ESR spectrometer equipped

with a 108 TMH/9103-microwave cavity. The temperature

was regulated with a nitrogen gas-flow-temperature system. A7C

The ESR settings for all recorded spectra were 6.38 mW,
microwave power; 0.1 mT, modulation amplitude; 40 ms,
time constant; 160 s, scan time; 10 mT, scan width; and 342.0 A7C/A10I

-

S

mT, center field. Up to 20 recorded spectra were ac-

cumulated.

spectra (10 s < 7. < 3 x 1079 s). It is not possible to

characterize the rotational mobility of the mobile component

in spectra which display two spectral components. Especially,

the line width of the high field line. For this purpose, the

recorded at various temperatures, agavas subsequently  Fgure 2: ESR spectra of the 3-maleimido proxyl site-specific
calculated according to Marsh et a21j. By plotting the labeled A7C/L14A, A7C, A7C/A10l, Q15C/L14A, Q15C, and
line width vst, a reference is acquired for the corresponding Q15C/A10l mutants, which were reconstituted into DOPC multi-
coat protein with 3-maleimido-proxyl, the purification and

labeling procedure was repeated for the wild-type coat Table 1: Environmental Polarity and Sterdolmer Quenching
protein. Labeled wild-type protein was reconstituted into Constant of A7C-Derived Mutants in DOPC/DOPG (4/1 molar

Stopar et al.Z0) calculated the rotational correlation time Q15C/L14A K\ﬂ"—
7. for the labeled A49C and S30C mutants according to
Marsh et al. 21). The same approach was used to calculate

. . A Q15C/A10l \/\/j

the center line width is distorted because of the overlap of
the spectral components. Howeveg was estimated using

in the mixed spectra. lamellar vesicles at/P 100 in 150 mM NaCl, 10 mM Tris-HCI,1
T P mM EDTA, pH 8 at 5°C. The central spectral line-heights are
DOPC and the ESR spectrum was recorded. The resultratio) and Q15C-Derived Mutants in DOPC, and the Fraction
showed the presence of a small amount (about 5%) c)]clmmobile ESR Spectral Component of the A7C and Q15C-Derived

the rotational correlation time of mobile single component Q15C
single component spectrum of the A7C/L14A mutant was \/\/:
To determine the amount of nonspecific labeling of mutant normalized to each other.
i . N Mutants in DOPC
nonspecific labeling for all mutant coat proteins. utants in

estimated fraction

Ksv immobile component
RESULTS mutant Amax (MY in the ESR specrzrum (%)
The ESR spectra of the A7C, A7C/A10l, Q15C, Q15C/ A7C 498 3.0 33
L14A, and Q15C/A10l mutants (in DOPC) displayed a  A7C/L14A 502 5.4 0
L : AT7C/AL0I 492 2.6 75
superposition of two components at 20. The resolution 15C 492 12 77
between both components was enhanced at lower tempera- Q15c/L14A 497 1.9 53
tures, therefore, the spectra were acquired &C5 The Q15C/AL0I 491 0.9 80
spectra consisted of a sharp three-line spectrum representing a\wavelengths of maximum emissiorinG,) and Sterr-Volmer
mobile probes on the ESR time-scale (10s < 7. < 3 x constantKs,) were measured by Spruijt et al2) on AEDANS labeled

1079 s), and a broad spectral component indicative for motion A7C-derived mutant coat proteins, which were recon_stituted into DOPC/
in the slow regime®, > 2 x 1079 s) (21). On the other DOPG (4/1 molar ratio) at an L/P of 100. Acrylamide was used as a
X fluorescence quencher.
hand, the spectrum of the A7C/L14A mutant only consisted
of a mobile component. Figure 2 shows the spectra of the
A7C, A7C/L14A, A7C/A10l, Q15C/L14A, Q15C, and shownin Table 1. This table also shows the results from the
Q15C/A10l mutants. An estimate of the immobile fraction fluorescence study by Spruijt et all2).
was acquired in a subtraction procedure by using the ESR spectra of the seven labeled single-cysteine mutants
spectrum of the A7C/L14A mutants as a reference. Table 1 (indicated in Figure 1) were recorded to study the properties
shows the estimated fractions of immobile component per of the N-terminus of the M13 major coat protein. Except
mutant. from the G3C spectrum, the spectra clearly show two spectral
Spruijt et al. (2) labeled the A7C, A7C/L14A, and A7C/  components. Figure 3 shows the spectra of the G3C, A9C,
A10l with IAEDANS, and the mutants were reconstituted A10C, N12C, and S13C mutants reconstituted into DOPC
into DOPC/DOPG (4:1 molar ratio) to obtain the relative at 5 °C. The fraction of immobile component was again
depth of the probe in the membrane. In the present study,estimated from the spectra (Figure 4). Only a small fraction
this approach was repeated for the Q15C, Q15C/L14A, andof the G3C mutant spectrum consisted of immobile com-
Q15C/A10l mutants, which were reconstituted into DOPC ponent; therefore, the immobile fraction was set to zero
for optimal comparison with the ESR spectra. The fluores- percent. A rotational correlation time was calculated from
cence data of the Q15C, Q15C/L14A, and Q15C/A10I are the single component spectra of the A7C/L14A and G3C
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substantiated by using fluorescence quenchers that predomi-
nantly affect probes inside (5-SASL) or outside (acrylamide)
the membrane.

By using the above-mentioned approach, Spruijt etl&). (
showed the importance of phenylalanine 11 and leucine 14
for the anchoring interactions of the amphipathic N-terminal
arm to the surface of a DOPC/DOPG (4/1 molar ratio) model
membrane. After replacement of leucine 14 by an alanine,
the monitored position 7 moved toward the water phase. On
A10C the other hand, the replacement of alanine 10 for an
isoleucine resulted in a deeper burial of position 7 into the
membrane.

N12C In the present study, the N-terminal arm is studied with
spin label ESR spectroscopy. The spin probe 3-maleimido-
proxyl, which is used in this study, is smaller in size than

813C the IAEDANS probe, and mainly provides information about

the local dynamics of the site to which the probes is attached.

Surprisingly, the ESR data of the 3-maleimido-proxyl labeled

position 7 shows the presence of two species of motion on

the ESR time scale, represented by broad and a sharp spectral

FiGurRe 3: ESR spectra of the 3-maleimido proxyl site-specific component. The sharp component exhibited an isotropic

labeled G3C, A9C, A10C, N12C, and S13C mutants, which were hyperfine splitting of about 1.6 mT. Earlier studies with

:ﬁ,f/lor,'\f;é‘f’tefo'%OMDTOrFS_CHrgﬁ't'llarrr?&"%r[)\f::céeﬁf a%OP?C'_n Tlﬁg 3-maleimido-proxyl, and related nitroxide probes have shown
spectra are normalized to one in the double intregral. t2h3<'3‘t this is an indication for an hydrophilic environme,

The replacement of hydrophobic leucine 14 by alanine,
o . which decreases the anchoring capacity of the N-terminus
Bl - ) i to the surface of the membrane, results in the disappearance
Bl of the broad component in the spec'Frum of the A7C{L14A
Sl mutant. As compared to the mob!le componer]t in- the
2. 1 spectrum of A7C mutant, the rotational correlation time
§20 : slightly decreases in the spectrum of the A7C/L14A mutant.

o This suggests a higher segmental motion at this position.

This change in mobility cannot be caused by a dramatic
; 3 5 7 ° 1 - 15 change in secondary structure, because no conformational
Cysteine position change was detected with CD spectroscopy in the L14A and
FIGURE 4: Estimated fraction of immobile component from the A10l mutant coat proteinsl@). The mutation of an alanine
ESR spectra of 3-maleimido proxyl site-specific spin-labeled mutant 10 to an isoleucine, which increases the anchoring capacity

coat proteins at various positions. The labeled proteins were _ ;
reconstituted in DOPC multilamellar vesicleslaP 100 in 150 of the N-terminal arm to the surface of the membrane, results

mM NaCl, 10 mM Tris-HCI, 1 mM EDTA, pH 8 at 5C. The in a higher fraction of immobile component. This compo-

A7C/L14A spectrum was used as a reference in the spectral Nents increases with about 42% upon comparing the spectra

subtraction procedure. of the A7C and A7C/A10l mutant (see Table 1). The
combination of the fluorescence and ESR results strongly

mutants. This resulted in@ of about 1.1 ns. The estimated  Suggests that the mobile component represents a position in
rotational correlation time of the mobile components in the the water phase and the immobile component a membrane-
mixed spectra was about 1.4 ns for the A7C mutant, and bound fraction of the protein.
about 1.7 ns for the mutants with a cysteine at the positions The replacement of leucine 14 by alanine has an effect
9, 10, 12, 13, and 15. The outer hyperfine splitting, 26 throughout the N-terminal section of the protein as is
the immobile component was between 5.9 and 6.0 mT in demonstrated with the Q15C and Q15C/L14A mutants. The
the mixed spectra of the mutant coat proteins. Amax Of AEDANS is red shifted by 5 nm as a result of the
mutation which suggests a more polar environment for
DISCUSSION position 15. This is in agreement with the finding that the
With the cysteine scanning approach, information can be probe is also more easily quenched by acrylamide, as is
obtained at specific sites in the reconstituted M13 coat protein demonstrated by the higher Stefviolmer constant (Table
(10—-12, 20). The relative depth of sites in the membrane 1). Finally, the ESR data show a decrease of 24% in the
was assessed by attaching the fluorescence polarity probdraction of immobile component in the Q15C/L14A mutant
IAEDANS to mutant proteins. The depth was subsequently as compared to the ESR data of the Q15C mutant. These
determined via the wavelength of maximum emissign.), results show that the monitored position 15 shifts toward
because probes have a more red-shiftgg, outside than the water phase when the hydrophobic “membrane-anchor”
inside the membranelQ, 12, 17, 22). This was further leucine 14 is replaced by an alanine.

G3C

A9C

2mT

90

80

—>

»—

0
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However, the immobile component does not completely to the membrane bound fraction of the N-terminal arm of
disappear as is the case in the spectrum of the A7C/L14Athe protein. Interestingly, the measured rotational correlation
mutant. In other words, about 53% of the N-terminal arms times of the water-phase fraction correspond to a motional
remain bound to the surface of the membrane in the Q15C/freedom in the nanosecond time scale, similar as found for

L14A mutant on the ESR time scale (Table 1). This shows the N-terminal part of SDS-dissolved M13 coat protein with
that the N-terminus does not entirely shifts to the water phaseNMR spectroscopy§, 9). The local conformation of the
as a result of the removal of leucine 14. Position 15 in the N-terminal arm probably unfolds when the N-terminal arm
Q15C/A10l mutant is hardly sensitive to the addition of the is relocated to the water phase, which subsequently produces
hydrophobic amino acid isoleucine at position 10. The ESR the higher backbone mobility. The relocation of the N-
spectrum of the Q15C/A10l mutant showed only a small terminal arm from the water phase to the surface of the
increase of about 3% in the fraction of immobile component membrane, and subsequent refolding into the amphipathic
as compared to the Q15C mutant. Such a small effect is alsohelix is sufficiently slow (on the ESR time scale) to detect
seen in the fluorescence results (Table 1). This apparenttwo clearly resolved spectral components.

insensitivity to the additional “anchoring” amino acid iso-

leucine (with position 7 being highly sensitive) shows that CONCLUSION

position 15 is close to a hinge point when the N-terminal
arm is more tightly bound to the surface of the membrane.
The ESR data of the measured positions in the N-terminal
section of the protein clearly show the presence of two
fractions at every position (Figure 3). The positions1®
show an approximate equal membrane-bound fraction of
about 65%. Position 7 displays a smaller membrane-bound
fraction of 30%. This is not a surprise, since it is close to
the unstructured (acidic) end of the protein, which is probably
most of the time in the water phase. On the contrary, position
15 exhibits a higher percentage (77%) of membrane-bound
fraction. Fluorescence quenching results by Spruijt etld). (
showed that position 15 is buried deeper into the membrane
as compared to the other N-terminal positions. It should be
noted that the amino acid residues—4 between the

With a cysteine scanning approach, information about

dynamics and penetration depth in a phospholipid model
m
The amphipathic N-terminal section of the M13 major coat
protein exists in at least two possible configurations. One
fraction of the protein has its N-terminal arm in the water
phase. In the other fraction, the N-terminus is bound to the
surface of the membrane. The water phase component shows
high segmental (backbone) mobility. On the contrary, the
membrane-bound N-terminus is much slower in motion, and
probably represents the “L-shaped” structure of the protein.
The ratio between both fractions can be modified by the
addition or removal of an hydrophobic “membrane-anchor”.

embrane can be acquired of specific sites in the protein.
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