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ABSTRACT

Antifreeze proteins protect many types of organisms from damage caused by freezing.
They do this by binding to the ice surface, which causes inhibition of ice crystal growth.
However, the molecular mechanism of ice binding leading to growth inhibition is not
well understood. In this thesis, NMR investigations of the structure and dynamics of the
antifreeze protein from the yellow mealworm beetle Tenebrio molitor are presented.
TmAFP is a small, highly disulfide-bonded, right-handed parallel $-helix consisting of
seven tandemly repeated 12 amino acid loops. Analysis of the N relaxation parameters
shows that TmAFP is a well-defined, rigid structure, and the extracted parameters reveal
similar restricted internal mobility throughout the protein backbone at both 30 and 5°C.
In TmAFP, an array of threonine residues on one face of the protein is responsible for
conferring its ability to bind crystalline ice and inhibit its growth. The flexibility of the
threonine side chains was investigated using two-dimensional homonuclear NMR
spectroscopy and natural abundance °C relaxation. From measurement of the °J,; 'H-'H
scalar coupling constants, the ¥, angles and preferred rotamer populations can be
calculated. It was determined that the threonines on the ice-binding face of the protein
adopt a preferred rotameric conformation at near freezing temperatures, whereas
threonines not on the ice-binding face experience conformational averaging. This
suggests that TmAFP maintains a preformed ice-binding conformation in solution,
wherein the rigid array of threonines that form the AFP-ice interface matches the ice
crystal lattice. The CaH relaxation measurements are compared to the measured °N

backbone parameters and these are found to be in agreement. For analysis of the
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threonine side chain motions, a model of restricted rotational diffusion about the ¥,
dihedral angle was employed. The range of motion experienced by the ice-binding
threonine side chains is restricted, corresponding to a range of less than £25°. A key
factor in binding to the ice surface and inhibition of ice crystal growth appears to be the
close surface-to-surface complementarity between the AFP and crystalline ice, and the

lack of an entropic penalty associated with freezing out motions in a flexible ligand.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ACKNOWLEDGEMENT

I would like to thank my supervisor, Dr. Brian Sykes, for his excellent guidance and
support during my PhD studies. My time in this lab has been extremely rewarding and I
have learned so much and enjoyed it greatly. I would like to thank all of my co-workers
in the Sykes laboratory, past and present - the following people in particular: Steffen
Graether and Carolyn Slupsky, my fellow members of ‘“Team AFP’ for help and many
valuable discussions; Gerry McQuaid for maintenance of the spectrometers; Robert
Boyko, Leigh Willard, and Dean Schieve for their computer expertise; Stéphane Gagné
for useful software programs and scripts; and Pascal Mercier, we were the only students
when we were starting and survived the courses together and for his helpful NMRView
scripts. I also thank Dr. Leo Spyracopoulos for his dynamics and pulse sequence
expertise and for always being ready to answer my questions. Dr. Lewis Kay of the
University of Toronto is acknowledged for pulse sequences.

I would also like to thank Dr. Peter Davies of Queen’s University in Kingston, Ontario
for our strong collaboration. Our emails and conversations over the years have been very
valuable and receiving beautiful protein samples in the mail was wonderful. I appreciate
the work of members of the Davies laboratory, in particular Yih-Cherng Liou and Sherry
Gauthier for the preparation of the ‘ultra-primo’ TmAFP, as well as the "N-labeled
sample and Chris Marshall for many helpful discussions and all of his work preparing the
Tm 4-9 protein and the many mutations. I also thank Dr. Zongchao Jia of Queen’s
University for kindly providing the x-ray coordinates of TmAFP prior to their
publication.

Funding for this work was provided by the Canadian Institutes of Health Research
(CIHR) and the Protein Engineering Network of Centres of Excellence (PENCE). 1
would like to acknowledge the CIHR for my Doctoral Research Award and the
University of Alberta for the Walter H. Johns Graduate Fellowship. I also thank the
Canadian National High Field NMR Centre (NANUC) for their assistance and use of the
facilities. The operation of NANUC is funded by the CIHR, the Natural Science and
Engineering Research Council of Canada and the University of Alberta.

Finally I would like to thank my husband Chris and my family for all of the support and
encouragement over the years, I would not have been able to do it without them!

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE OF CONTENTS

CHAPTER 1: General Introduction.........ccooevievceninniiiineiieiece e cnreeecenneennne 1
1.1 Bioclogical Significance..........ccovceeiviiininieicierece e 1
1.2 Structural Diversity of AFPS......cccoovviiiniieirsrceecceeneeneecceenens 3
1.3 Ice Binding MechaniSim.......cccoververiinininerineneeeencennicienne e s o 6
1.4 NMR SPeCtTOSCODY..ccocvvieieiiirniereiniiveerenenieereenosensecrssresecsnonsasesaenss 8
1.5 OBJECLIVES....cceeereiriiiiieciereceece et renaee st et eanenes 9
1.6 REFIEIICES. . .vvvereieniicreeiireereeeeeerereeestentese e e sbesseesrtesnecnesonetanassesanosuesses 11

CHAPTER 2: The Solution Structure and Backbone Dynamics of the

Tenebrio molitor Antifreeze Protein............occcccovievvevinncerennnccnne 14
2.1 INtroduction........covererierieieniecccccnen et 14
2.2 Experimental Procedures..........cocevviiniicvininiininniccieicinciee, 16
2.2.1 Sample preparaiion...........cicceveecvevcneiiiionienieisnninensins 16
2.2.2 ASSIGIIMEHL...cuvvviveeereeereseciissitionennesnesereossesnseereseansessnesseossesnens 16
2.2.3 Structure calCUlations..........cccovvueverreeincncccniinicsmrinnniniessiieens 18
2.2.4 NMR spectroscopy for backbone dynamics.............c.c.ccevnene. 18
2.2.5 NMR data processing.........evvccvvnveninncnicninnnciiisinnenins 19
2.2.6 PN-Relaxation dQta analysSiS.........cuevvevvereierereieneisssasesnenes 20
2.3 RESUIS. ..ottt 24
2.3.1 Solution structure of TMAFP......cooccovevcivniiniiiniienncinrinnienns 24
2.3.2 PN-T,, -T), and NOE daiQ........o.ocoeeeeerecreenicrrrenerriresieeenenn. 28
2.3.3 Rotational diffusion anisotropy and overall correlation time. 31
2.3.4 Model-free analysis and internal mobility............ccoovveveennnen. 34
2.4 DISCUSSION. .....eiiireeiriirccersecreree et seesre et e s enesssnseasssssbesaressarsenns 35
2.5 ReEfEI@NCES. ...coiciverriiiiiiecrtenee et srtce s s e s e e s earesseessrssosaaceressneennens 37

CHAPTER 3: The Role of Side Chain Conformational Flexibility in Surface

Recognition by Tenebrio molitor Antifreeze Protein................... 41
3.1 Introdiction.......coovviiieiiecerreccceei e 41
32 RESUILS....cuveieeiecieriicre et ecsreesar ettt a e ene s senesrecnesras s e st e seressseententeen 43
3.3 DESCUSSION. ..veeieererrereencneneeesreeeesressnrssnaeseeeeenenentaesresssssssntesonssessnssssanns 52
3.4 Materials and Methods.........ccccccovvemirececncinninic e 54
3.4.1 NMR SPECIFOSCOPY c..covrvvicvriicriainiiiriirecreesisnsisssansenssensesnsans 54
3.4.2 Determination of °J .5 COUPLING CORSIANLS....vvrvvveivrmnnirrrrisniens 55
3.4.3 Determination of x, side chain torsion angles......................... 56
3.5 Serine and Valine Mutation Studies..........c.cccocvvvviinniinnnnicinnnnnn, 57
3.5.1 RaIHONALE.....ccoveccvveerereerrecneeciercresncieesineeanneentessstseessaensssssiosns 57
3.5.2 Experimental proCedures.........ecoivrnconiinivinevinnsuiissnnnane 58
3.5.3 ReSUIIS.covviivierireeerrieeieceeiecneeccnsenae e sreesane s bt et snaesnas s ennes 58
3.5.4 DiSCUSSION..ccuviveeeirieeenieeiseivieeesreeceeesneecenasessesissossisasssssssaesases 60
3.6 REIEIEIICES. ..uiceveeiiircieecrieiiter et e e e cecneesneeesneneesaresstssnnbeesanstetoseranaanes 61

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 4: Characterization of Threonine Side Chain Dynamics Using

Natural Abundance ®C NMR Spectroscopy........ccreecerrenruerececec. 64
4.1 InroduCtiON...c.ccvieieeeercccreseeeereere e nceeetase e e e tearesatesbonnserasessans 64
4.2 Experimental Procedures.......cccoovcviiiiiiiiinniininiininineen, 66
4.2.]1 NMR SPECIFOSCODY ccrverirrivmriiriiniiriniisiiniisiininensinississsennsnessninnses 66
4.2.2 NMR datg proCesSing........ccviiniinninnimnniniicniiseneens 68
4.3 THEOTY....oocecreeiriecreeeccreiesrcscseesrientestssaasst st ssessna s ba s et sessasbanassnansean 69
.4 RESUILS....oecoeiieiicrienrecneeeesnetrenscenressoes s terseobsssateesaessnassasssantarsasnssasnean 71
4.4.1 PC-R,, -R,, and NOE datQ....ocuceeeerreereieireiiceniscscreescasinsnns 71
4.4.2 Estimation of the overall correlation time............cocoverveeennnns 77
4.5 DASCUSSION. ..veivvireerrieerierrasrrreeseeteeeeseeeciiesesatsentsertesseisreeansssrasssesnasnans 78
4.6 CONCIUSIONS. ... ..oeiieririeseer e sreeten et cnaests st aesn et sanans 80
AT REF@IEIICES. ....eivereeeereiirereareerieeireettanrrceresinesinesstssans s re s ra s saesasesanessses 81

CHAPTER 5: The Temperature Dependence of Amide Proton Chemical

SHEPES. ... eeieeeiieiestececre s e creseeeresreeteee e eenesbesnesas et snestaabesassanareas 84
5.1 INtrodiiCtion. . ..c.ceciieioreririecenenience s cinerie sttt s snes s et re s e s ananes 84
5.2 Experimental Procedures...........cccoeiininiiiniininninnieneneicncccn 86
5.2.1 NMR SPECITOSCODY...ccvvruecuviriirienienniniesssennsisasssisssinassassneesensees 86
5.3 Results and DiSCUSSION......ccccooierrrierniiimiiiiicin s 87
5.4 CONCIESIOMS.....cccoiiveieriieereerrerieestesescnsetesstesseasaesssesstasssssnseninssessaneseas 93
5.5 REFEIEIICES.......coevriireeriiiecrinirecreeteeieniest st setests st nesnsebestnansastasnaeas 93
CHAPTER 6: General Conclusions..........coiiiiiiniiniiiiiniennnecnensseeeens 95
RELEIEIICES. ...cvverrririeecirerreceecireeniceesetesntesariotesb e s besseren e st aa s ne s s assnesennenanes 99
APPENDICES ...ttt eresreesn st sns s s bassae s b san e ssassesasone 101
A Chemical shift assignments of TmAFP..........cooovninin 101
B Assessment of TmAFP folding by NMR. ... 105
C Identification of the TmAFP ice-binding face...............ccocoeineinnnnn. 110
D Assessment of engineered TmAFP with deleted and added loops......116
E Purification of TmAFP by inclusion info ice..........ccovvniiininnnccnnns 121

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF TABLES

Table 1.1:
Table 2.1:
Table 2.2:
Table 3.1:
Table 3.2:
Table 3.3:
Table 4.1:
Table 4.2:
Table 4.3:
Table 5.1:

Table A.1:

Antifreeze proteins from fish and inSeCtS....vvniicveriiiiniiivenicnnien. 4
Sructural STALSTICS . cueeeeriverrrereitetecerreneseeeresseirecsstnateonaresosmnsscsrescanees 26
Rotational diffusion parameters........ccceveninecerennreniniinnenonrnecenin. 33
Percent population of 7, rotamer conformations.........ocveennivniininnn 51
Threonine coupling CONSIANES....ccvvevevriereniiniienecnie e sesrenses 59
Threonine coupling constants for T40 mutations.......cccvveivevincninnn, 59
Threonine and valine "C R, MeasurementS......occvevevcrerereereenseeniesssserneesens 76
Threonine PC R, MEASUTEMENIS. ....c.c.evvvrrereiineirsiecensnsieinsesessansseecseens 76
Threonine and valine "C NOE MeasurementS.........oeevrvreerrvernrerieecsonencrns 77
NH shift deviations and temperature gradients.........ccooevvveiiiviieinnciinnns 89
TmAFP chemical shift assignments......cccovveniiiinniniiie, 101

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF FIGURES

Figure 1.1: Thermal DYSIEIEsiS..cccvvriiiiniiiiiciiitic e 3
Figure 1.2: AFP structural diversity. ...t 5
Figure 2.1: TmAFP amino acid SEQUENCe.......cccovvniriiiiiiiriircecinreecie e 17
Figure 2.2: PN-HSQC SPECIIUML....uvivreireerserecreerieeseesirieseeesesssscas sessesssseseessnsasenes 24
Figure 2.3: Ensemble of SIrUCUIes.....cccovvviciviiiiiiciciii s 25
Figure 2.4: Ribbon representation of TmAFP structure........ccovvviiiiininnniinne. 27
Figure 2.5: Comparison of crystal and solution StruCtures. ......coovvivnmecrenieniiiienins 28
Figure 2.6: "N relaxation parameters at 30°C......vvcriierrneireerreireersencrneeecesennrensines 29
Figure 2.7: "N relaxation parameters at 5°C. .o rreierneernenceninecremnscacesensens 30
Figure 2.8: TmAFP rotational diffusion tensor........ccovvvviirnicieniiennnneineiinen, 33
Figure 2.9: °N relaxation Order Parameters. ..o cermeeeererereenmserreersessesesecsmsecnse 34
Figure 3.1: Sequence and structure of TMAFP.......cocoiiiininieie, 44
Figure 3.2: '"H NMR spectra in freezing eXperiment.........occccveeuerocirivriinnnnciecniies 45
Figure 3.3: 2D DQF-COSY SPECtIUML..c.ccvvrviiviviiiniiiriiinienisiinesie e eresseisiennenens 46
Figure 3.4: Expansions of 2D DQF-COSY Spectra.......c.ccvninivviiinenininnncnnieanns 47
Figure 3.5: Plot of *J,g VS teMPEIatUre.......c.ovvvrvrrinmmicasienicssisesessesses s ssisssssnssnnss 49
Figure 3.6: Staggered rotamer conformations of threonine........ccococeiieeinineninnne 50
Figure 3.7: Structure of TYPe L AFP ...t 57
Figure 3.8: Plot of *J , for mutations according t0 SEQUENCE.........cowuevvvrerriceencrnnna. 60
Figure 4.1: PC-HSQC SPECIITMLccvuorivueeeerrrermeieemmensererasessemrsecssrsesessnsssismissessecscsas 67
Figure 4.2: Restricted rotation around Co-CR bond.........cooviviinicicinen, 69
Figure 4.3: °C relaxation parameters at 500 MHz and 30°C.........ccococnvviininnccnnnnns 72
Figure 4.4: °C relaxation parameters at 600 MHz and 30°C..........cccccoviminivnnincinnns 73
Figure 4.5: °C relaxation parameters at 500 MHz and 5°C.......ccccovnivvinnnnicninncnne 74
Figure 4.6: °C relaxation parameters at 600 MHz and 5°C.......cccooovvvnivnnnrnciicnnn, 75
Figure 4.7: Calculated graph for PC R .cecccreicriciniirennisnesiinncenincieesscssenens 79
Figure 4.8: Calculated graph for PC Ryec.vvvvcuiccnennicnvneiniinccieeisnensesccnsnn, 79
Figure 4.9: Calculated graph for PC NOE......c..ccccoimvnieinecrninnnencieieincescnaens 80
Figure 5.1: TMAFP ribbon SIUCIUTE. ...cccvveviitiiiitiiiic st 85
Figure 5.2: "N-HSQC spectra as a function of temperature............ccoevenmmivcccnniane 87
Figure 5.3: Amide chemical shifts mapped on TmAFP surface........cccoovveevninriinnnes 88
Figure 5.4: Amide CSD-AY/AT correlation plot......cociiiiiinnniiiinicesscne, 91
Figure B.1: "H NMR spectra of Tm 2-14..c.ceereccnemneenennneneemcnssscssosessssnacssesans 107
Figure B.2: Comparative TOCSY spectra of ‘fingerprint’ region......cccocevevvnvrrerenenes 108
Figure C.1: Comparison of Tm 2-14 and 4-9 i80f0rmS.......cccceeiriinernincnniecinnicannen, 112
Figure C.2: Comparison of ‘fingerprint’ regions of Tm 4-9 mutations........c.c.cecoeu.. 114
Figure D.1: Comparison of Tm 4-9 loop mutationsS.......cccoveviviinninnnicinionicninnen. 118
Figure E.1: NMR spectra of ice affinity purified protein........cccvevnevnciinniiiinnnnn, 123

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF SYMBOLS AND ABBREVIATIONS

AFGP antifreeze glycoprotein

AFP antifreeze protein

BMRB BioMagResBank

CD circular dichroism

CP/MAS cross-polarization/magic-angle spinning
CSD chemical shift deviation

AS/AT temperature gradient

Dc Dendroides canadensis

DQF-COSY double quantum filtered correlated spectroscopy
DSS 2,2-dimethyl-2-silapentane-5-sulfonic acid
DTT dithiothreitol

M viscosity

HNHA YN-edited "H"-"H* correlation experiment
HNHB BN-edited 'H"-"H? correlation experiment
HPLC high performance liquid chromatography
HSQC heteronuclear single quantum coherence
IAP ice affinity purification

3Jaﬁ 3 bond scalar coupling constant between spins Ho and Hp
NMR nuclear magnetic resonance

NOE nuclear Overhauser enhancement
NOESY nuclear Overhauser effect spectroscopy
O.D. outer diameter

PDB Protein Data Bank

R, longitudinal relaxation rate

R, transverse relaxation rate

rmsd root-mean-square deviation

s? generalized order parameter

sbw spruce budworm

T, (To) overall rotational correlation time

T, longitudinal relaxation time

T, transverse relaxation time

TH thermal hysteresis

THP thermal hysteresis protein

Tm Tenebrio molitor

TOCSY total correlation spectroscopy

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 1: Generzl Introduction

1.1 Biological Significance

Water profoundly influences molecular interactions in biological systems (I). The ability
of organisms 0 use or exclude water at both the macroscopic and microscopic level when
necessary is fundamental for such functions as cell viability, utilization of single water
molecules in enzyme catalyzed reactions, or exclusion of water in protein folding via the

hydrophobic effect.

Ice poses a different set of issues for organism survival at cold temperatures, where
exposure can be lethal. An example of this occurred in dramatic fashion this past April
when approximately 200 000 kg of eastern cod washed ashore on the coast of
Newfoundland (2). The recovered fish had ice crystals around their organs. Reports
indicate that the water temperatures were the coldest measured in decades and the likely

explanation is that they simply froze to death in water that was too cold for them.

Since most living organisms are killed when their tissues freeze, they must find ways to
adapt. For many organisms, this involves behavioural adaptations such as migration to
warmer climates or entrance into a hibernation state. However many species spend the
winter, or in some cases their whole lives, in habitats which provide minimal protection
from freezing temperatures. Yet they can endure exposure to temperatures well below
the freezing point of their bodily fluids. In general, two cold survival strategies have

developed: freeze tolerance and freeze avoidance (3, 4).

Freeze tolerance is more complicated and therefore less common than freeze avoidance,
but has developed in a number of varied species. Freeze tolerant animals, such as wood
frogs, have developed quite an incredible strategy for surviving the winter, spending days
or weeks with up to 65% of the total water in their body converted to ice (5). In this
state, only the intracellular water remains liquid, while ice growth occurs all through the

abdominal cavity, the lumen of the blood vessels, the ventricles of the brain and even
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grows in sheets between the skeletal muscle and the skin (6). These frozen animals show
no signs of life, yet resume normal functions within minutes after thawing. Survival of
this type requires careful regulation to prevent ice crystals from damaging tissues, to
reduce metabolic stress and help tissues remain alive, and to produce high levels of

cryoprotectants such as sugars and polyols to minimize osmotic effects (6).

Freeze avoiding animals, on the other hand, are able to maintain the liquid state of their
bodily fluids at temperatures well below the usual minima for their habitat. They do this
by keeping their body fluids in a supercooled state; that is, at a point below the
equilibrium freezing point, using some very interesting adaptations (7,8). First, contact
with potential nucleators is minimized to prevent seeding of ice formation at temperatures
at or below the freezing point. Second, many animals produce high levels of sugar
alcohols such as glycerol in their body fluids, which depress the freezing point and
crystallization temperatures by colligative means. Most interestingly, some organisms
also produce antifreeze proteins (AFPs) which specifically bind ice crystals and prevent

them from growing to a size that could cause physical damage.

When AFPs were discovered over thirty years ago in the blood of Antarctic fishes (9), it
was observed that the blood would freeze at -0.7 °C owing to the colligative effects of
plasma solutes as mentioned above. These effects do not depend on the chemical nature
of the molecules, but rather are proportional to the concentration of the solute (10).
Seawater, with its high salt concentration, freezes at —1.9 °C, which means that marine
fishes will typically encounter water that is more than a degree colder than their freezing
point (/) and would freeze on contact with ice. To avoid this fate, AFPs are produced
which bind to the surface of a seed ice crystal and control its growth (/2). The adsorption
of the AFP on the ice surface then restricts the addition of water to the ice crystal to the
spaces between the bound AFPs, creating a localized curvature in the ice front. This
makes addition of water to the ice lattice thermodynamically unfavourable and results in
non-equilibrium freezing point depression without a corresponding change in the melting
point (13). This difference between the freezing and melting temperatures is called

thermal hysteresis (TH). Within this temperature gap, ice crystals are relatively static,
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remaining the same size for days (/4) (Figure 1.1). This property of AFPs is used to
detect and quantify AFP activity.

Temporature

e e o B O T ks B T W A M b Ry o o

o
o

[«
€3

AT

Figure 1.1: Fish achieve protection from freezing using a combination of
colligative and non-colligative mechanisms. Seawater (blue) freezes at -1.9 °C,
indicated by the transition to white. Fish blood (pink) freezes just below —-1.9 °C,
indicated by the lower red horizontal line. The total freezing point depression of
the blood arises from a combination of the two components: colligative
depression owing to blood solutes from 0 °C to 0.7 °C, and the non-colligative
effects of the AFP binding to ice crystals. (Adapted from ref. 77).

1.2 Structural Diversity of AFPs

AFPs have been isolated from various distinct groups of organisms, including fish (7),
insects (8), plants, (/5,16), and microorganisms (/7). The fish AFPs have been classified
into five types [antifreeze glycoprotein (AFGP) and AFP types I —IV] based on primary
sequence and three-dimensional structural information (Table 1.1). Two types have thus
far been characterized in insects, one from beetles (Tenebrio molitor, Tm, and

Dendroides canadensis, Dc) and the other from the spruce budworm (sbw). These
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proteins are all vastly different in primary, secondary and tertiary structure (Table 1.1 and

Figure 1.2} and yet all are able to bind to ice and shape its growth.

Table 1.1: Antifreeze proteins from fish and insects

Type Size (kDa) Repeat Classification’

Fish

AFGP 3-24 3aa(AAT) glycoprotein (C-glycosylated on T)

I 3-5 11 aa alanine-rich o helix

iI 14-24 none C-type lectin fold, mixed a/p structure
If 7 none {dimer observed) globular with short B strands

v 12 22 aa’ predicted helical bundle

Insects

TmAFP 8-10 12 aa (contains TCT) right-handed §-helix

sbwAFP 9-12 15 aa (contains TXT) left-handed B-helix

@ see Figure 1.2 & repeat pattern unconfirmed, based on prediction

In fish, the AFGPs are formed from a tripeptide repeat of Ala-Ala-Thr, in which the
threonine residues are O-linked to 3-D-galactosyl-(1—3)-a-N-acetyl-D-galactosamine
disaccharide moieties (/8). The most often studied Type I AFP from winter flounder is a
single a-helix with an 11 amino acid sequence repeat in which every third turn of helix
bears a threonine residue (/9). Sea raven Type II AFP has a mixture of o and § structure
with a fold that is homologous to the carbohydrate-recognition domain of the Ca**-
dependent lectin family of proteins (20). Type III AFP from eel pout is a small, globular
-sheet protein with a unique fold (27). Neither Type II nor Type IIl AFP from fish
display any repeated sequence or regular placement of surface exposed residues.
However, a natural dimer has been observed in Antarctic eel pout (22) and was recently
characterized as having enhanced activity (23). The Type IV AFP from longhorn sculpin
has not had its structure solved, but has been modeled as a helical bundle based on its

high degree of sequence homology with apolipoproteins (24).
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Figure 1.2: AFP structural diversity. Representative structures are drawa to scale
for the five fish AFP types (A-E) and two insect AFP types (F, G), with a-helices
in red, $-strands in blue, and coil in yellow (PDB accession codes are given in
parentheses). A: AFGP drawn in extended form, with disaccharides shown. B:
Type I AFP (1WFA). C: Type II AFP (2AFP). D: Type III AFP (1MSI). E: Type
IV AFP modeled as a helical bundle. F: Spruce budworm AFP (1IEWW). G:
Tenebrio molitor AFP (1EZG). Figures generated using Molscript (25) and
Raster3D (26).
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Thermal hysteresis activity in insects was initially noted more than thirty years ago (27),
however progress in characterizing their structures and activities proceeded much more
slowly than for fish AFPs. Most of these studies have only occurred within the last 7
years. Insect AFPs have been isolated from spruce budworm (Choristoneura fumiferana,
28), the yellow mealworm beetie (Tenebrio molitor, 29), and the fire-coloured beetle
(Dendroides canadensis, 30), which shares ~50% homology to the TmAFP. The AFPs
from these two insect groups are both B-helical proteins, but are unrelated at the level of
primary sequence and have different three-dimensional structures (Figure 1.2). Despite
these differences, the ice-binding surfaces are remarkably similar (37, 32), consisting of
two ranks of precisely aligned threonine residues. The insect AFPs have specific

activities 10 — 100 times greater than the fish AFPs (29).

1.3 Ice Binding Mechanism

Ice binding is a specific interaction that occurs on defined ice planes. This has been
determined by a method known as ‘ice-etching’ (33). In this technique, AFP in dilute
solution is allowed to bind to an ice hemisphere where it adsorbs to its particular binding
plane, but then is steadily overgrown. The binding surfaces are revealed by sublimation,
which leaves behind a detectable AFP residue which can be interpreted in terms of the
specific binding plane. This is corroborated by observations that AFP solutions shape the
seed ice crystals during TH measurements (34). Furthermore, the TH activity is observed
to be saturable, indicating a limited number of binding sites (/0). Binding to a specific
plane slows growth on that plane and a facet develops. As neighbouring ice fronts
advance perpendicular to the inhibited face more of that plane is produced and therefore
its growth is also inhibited. This eventually leads to complete stoppage of growth as only

the inhibited plane is expressed.
All fish AFPs shape ice into hexagonal bipyramids by binding to pyramidal planes. The

superior specific activity of insect AFPs has been attributed to their ability to bind to two

planes of ice, as compared to just one for fish AFPs. This has been observed for
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sbwAFP, which has affinity for both the basal and primary prism planes, leading to a
hexagonal plate shaped ice crystal (32). It has been suggested that the hexagonal
bipyramidal ice crystal has weak points for containment at the two tips of the pyramids,
which are the burst points for ice growth once the non-equilibrium freezing point is
exceeded (/7). The hexagonal plate shaped crystals of insect AFPs achieved by binding

two planes reach much greater freezing point depressions before ice growth proceeds.

The use of TH measurements and ice crystal growth studies has led to a good
understanding of AFP function at the macroscopic level. A description of the molecular
mechanism however, has not been easily obtainable. One reason for this difficulty has
already been introduced; there is a wide structural variation between different AFPs.
Another factor is that the binding surface of the AFP-ice interaction cannot be directly

examined. These points will be discussed in greater detail in the rest of this thesis.

An important feature of AFP-ice binding is that it must be considered irreversible, since
any significant off-rate would lead to further ice growth (35, 36). In the general situation
where an ice front is in equilibrium with an aqueous solution, slight undercooling of the
solution below the equilibrium freezing point leads to water molecules joining the ice
lattice, resulting in the advancement of the ice front. Most solutes, including nearly all
proteins, are excluded from the ice and pushed ahead of the growing ice. For AFPs to
fulfill their function of inhibiting ice growth by binding to specific planes, it has been
suggested that the characteristic of adsorption necessary to prevent the migration of
molecule with the advancing ice front is a perfectly matching interface (36). With a very
tightly formed interface, water molecules cannot penetrate between the protein and the

ice, leading to the observed stoppage of ice growth.
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1.4 NMR Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy has been used to study biomolecules
for many decades, but since the development of two-dimensional NMR methodology and
strategies for sequence-specific resonance assignment (37), the field has undergone a
dramatic revolution. NMR is now a mature field and a robust tool for protein structure
determination. This is evidenced by the rapid growth in NMR structures deposited in the
Protein Data Bank (PDB) — from 23 in 1990, to 2704 (or approximately 15% of the PDB
holdings) as of August 5, 2003 (38).

Well-established 'H homonuclear experimental protocols allow for routine structure
determination for proteins in the 10 kDa range. With uniform isotope labeling using "N
and "°C in bacterial expression systems and a standard suite of heteronuclear NMR
experiments (39), this limit increases to 25-30 kDa. Fractional incorporation of
deuterium at certain side chain positions using specialized labeling schemes has increased
the size limit even further (40). These techniques in combination with ever-improving
experimental methods and instrumentation have allowed for resonance assignments to be
completed for very large proteins (80 kDa; 41, 42) and complexes (110 kDa; 43). These
extremes may not be readily achievable for many proteins, however the techniques being
developed will surely impact the field greatly. It remains that for proteins up to 25 kDa,
NMR is a particularly useful and well-developed method for three-dimensional structure

determination.

The advantage of NMR is that it is a unique and powerful tool for studying protein
dynamics in solution. The use of these techniques has grown tremendously in the last
decade, especially as it relates to the study of protein function (44). Proteins are dynamic
molecules that often undergo changes in conformation while performing their biological
functions, such as ligand binding or enzyme reaction. The intrinsic dynamic properties of
proteins themselves can provide information about the location and process of the
conformational change and have been the focus of numerous biophysical studies. The

utility of NMR in this regard arises from the ability to obtain site-specific dynamic
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information from nuclei at sites all over the protein (45). Furthermore, the dynamics that
can be measured are not only due to structural heterogeneity, but relate to particular time-
scales of motion that are biologically relevant. Protein internal motions span a wide
range of amplitudes and rates, from fast (subnanosecond) bond vector fluctuations, to
intermediate and exchange motions relating to local stability (milliseconds to
microseconds), and slow movement of protein domains on the order of seconds to days
(46). All of these time-scales are accessible using NMR; slow movements are reported
using rates of magnetization transfer between protons with differing chemical shifts and
proton exchange rates, while measurement of nuclear spin relaxation rates reports the

faster internal motions, as well as the overall rotational diffusion of the molecule.

Recently, the relationship between local flexibility and conformational entropy has been
addressed (47). Studies suggest that changes in conformational entropy make significant
contributions to the free energy of protein binding to its target (48, 49). The conclusions
reached indicate that proteins have considerable residual entropy and that changes in the
functional state are associated with changes in the magnitude and distribution of the
protein residual entropy (44). Conformational entropy increases may contribute to the
stabilization of complexes, whereas decreases have been associated with enthalpy-
entropy compensation (50). It seems likely that the key determinants of enthalpy-entropy
compensation in protein-protein interactions are the fast subnanosecond fluctuations of

the sidechain (47).

1.5 Objectives

In this thesis, I have investigated the structure and dynamics of the antifreeze protein
from the 7. molitor beetle in an attempt to characterize it fully. At the time I started
working on this protein, the fish AFPs were well-studied but the proposed ice-binding
mechanism was being called into question. As well, the insect AFPs had only just been
cloned and no structures were yet known for these. Antifreeze proteins are very

amenable to NMR investigation owing to their small size and stable nature. We
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embarked on these studies in collaboration with Dr. Peter Davies’ laboratory at Queen’s
University with no real idea of what the structure would reveal. Despite the challenges
presented by the repetitive TmAFP sequence during my initial assignment of the protein,
I determined the NMR solution structure as discussed in Chapter 2. At the same time, we
began to consider the concept of dynamics in the context of AFP structure. Since the
form of the three-dimensional structure does not appear to be an important criterion for
antifreeze protein function, dynamics can provide insight into the unusual activity and
function of these fascinating proteins. The characterization of "N backbone dynamics for
TmAFP is also addressed in Chapter 2; this represents the first study of backbone
dynamics of any AFP. The observation that the backbone was uniformly rigid led us to
study the role of the side chains in the binding interface. Chapter 3 and Chapter 4 both
examine the behaviour of the threonine side chains of TmAFP, using different
experimental strategies. Rotation about the 7, angle of threonine is discussed using
motionally averaged scalar couplings in Chapter 3 and natural abundance “C relaxation
experiments in Chapter 4. This provides two very different, yet complementary views
regarding the restricted motion of these side chains. Use of ’C relaxation at natural
abundance also allows for examination of another backbone bond vector to supplement
the view of the backbone provided by N relaxation. In Chapter 5, the temperature
dependence of the chemical shifts of the backbone amide protons is examined in relation
to the hydrogen bonding interactions of the protein. All of these contributions together
constitute the most complete look at the dynamics of any antifreeze protein to date and
provide solid experimental support to an ice-binding mechanism that relies on surface

complementarity between the AFP and ice.
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CHAPTER 2: The Solution Structure and Backbone Dynamics of the Tenebrio

molitor Antifreeze Protein’

2.1 Introduction

Various organisms, including many marine fishes (), insects (2), and plants (3.4), use
antifreeze proteins (AFPs), also known as thermal hysteresis proteins, as a freeze
avoidance strategy. For example, the yellow mealworm beetle Tenebrio molitor and the
spruce budworm (Choristoneura fumiferana) produce AFP in their hemolymph to survive
overwintering in the larval stage (5,6). Since their discovery in fish and insects more
than thirty years ago (7,8), the biophysical properties of these proteins have inspired
widespread interest. Their protective effect stems from their ability to bind to ice and
thereby inhibit ice crystal growth. This interaction at the ice surface leads to a lowering
of the non-equilibrium freezing point below the melting point, termed thermal hysteresis

(for reviews, see references 9, 10).

Even though it is well accepted that AFPs bind to ice and inhibit its growth, the actual
mechanism of this binding is not well understood. In the past decade, the structures of
numerous AFPs belonging to five different types have been solved, and none of these
have any sequence or structural similarity to each other. In fish, type I AFP from winter
flounder (I7) is a single, long a-helix; type II AFP from sea raven has a homologous fold
to the carbohydrate-recognition domain of the Ca**-dependent lectin family of proteins
(12); the eel pout type III AFP is a small -sheet protein with a unique fold (/3,14); while
a model of a four-helix bundle structure for type IV AFP from the longhorn sculpin has
been made based on its high degree of sequence homology with the exchangeable
apolipoproteins (15). More recently, the structures of two 3-helical insect AFPs
(Tenebric molitor, TmAFP, and spruce budworm, sbwAFP) were solved (16,17). These
insect AFPs are much more potent than their fish counterparts. For type [, type III and

* A version of this chapter has been published. Daley, ML.E., Spyracopoulos, L., Jia, Z.,
Davies, P.L., and Sykes, B.D. 2002. Structure and dynamics of a B-helical antifreeze
protein. Biochemistry, 41: 5515-5525.
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sbwAFP (and by analogy, TmAFP) putative ice-binding faces have been proposed based
on mutation studies (/7-23). The only feature these possible sites appear to have in
common is that they are quite flat surfaces, and, in the case of type I and the insect AFPs,
they have evenly spaced ranks of threonine that appear to match the ice lattice (16, 24).
For sbwAFP and TmAFP, the increased thermal hysteresis activity displayed by these
proteins could be due to these proteins binding to two different planes of ice (I7), a

suggestion that has been made for the Type III antifreeze protein as well (74).

Although structure often leads to insight into protein function, in this case structures
alone have not allowed elucidation of a molecular mechanism for antifreeze protein
binding to ice. In attempts to understand this interaction more fully, we have moved to
study protein dynamics in the context of structure. Protein dynamics studies have
become an important tool in understanding the processes underlying molecular
recognition and the relationship of structure and function. Using heteronuclear, multi-
dimensional NMR spectroscopy it is possible to study the dynamics of individual nuclei
in proteins in a site-specific manner. In particular, measurement of NMR relaxation of
backbone amide N nuclei provides detailed information regarding backbone motions of
the protein (25). In many cases of protein-ligand complexes, it is the flexibility of the
protein and the ligand, as well as the flexibility of the binding interface that determine the
affinity of the interaction (26). In this case, the ligand in question is ice, and the interface
cannot be fixed in solution, so we must use alternate methods to probe this binding
interaction. Recently, Graether et al. (27) have shown that type [ AFP remains structured
and behaves predictably until the solution freezes at ~3°C. Similar experiments with
TmAFP (Daley et al., unpublished) show that this AFP also does not denature under
supercooling conditions and suggests that the native folded state is the active form. This
is in contrast to the conformation and dynamics study of an antifreeze glycoprotein that
appears to contain no permanent secondary structure and is active in its extended form
(28). To our knowledge, these are the only dynamics studies on antifreeze and related
proteins. It seems clear from this comparison that antifreeze proteins and glycoproteins

have fundamentally different modes of action and the latter will not be discussed further.
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In this paper, we present the solution structure of the Tenebric molitor antifreeze protein,
along with its backbone NMR relaxation data. This is the first extensive study of
backbone dynamics of any antifreeze protein. We have completed full N relaxation
analysis at two temperatures, 30°C and 5°C, in order to determine the type of dynamic
changes that occur in the backbone conformation of TmAFP as the temperature is

lowered towards its physiologically active level.

2.2 Experimental Procedures

2.2.1 Sample preparation

The expression and purification of both unlabeled and *N-labeled TmAFP was as
previously described (29). The PN-TmAFP sample was prepared for NMR spectroscopy
by dissolving lyophilized protein in 90% H,0 / 10% D,0 containing 0.1 mM DSS (2,2-
dimethyl-2-silapentane-5-sulfonic acid). The final protein concentration was
approximately 0.4 mM, and the pH was adjusted to 5.5 with microliter aliquots of 100
mM NaOD or DCI as required. The unlabeled TmAFP sample was prepared by
dissolving the lyophilized protein in either 90% H,0 / 10% D,0 or 100% D,0 as
required. The final protein concentration was approximately 1 mM, with the pH adjusted

to 5.5 and 0.1 mM DSS added.

2.2.2 Assignment

NMR spectra for 'H and "N chemical shift assignment were acquired using a Varian
Unity 600 MHz spectrometer equipped with 2 5 mm triple resonance probe and z-axis
pulsed field gradients. All spectra for assignment were collected at 30°C. The spectral
widths for "HN and "N were 7000.35 Hz and 1897.89 Hz, respectively. Experiments
used for assignment were: "N-HSQC with 448 (HN) and 128 (°N) real data points
acquired with a total of 256 transients per t, increment, “N-edited TOCSY with 420
(HN), 116 (H), and 30 (*N) real data points acquired with a total of 36 transients per
increment, HNHA with 448 (HN), 52 (H), and 52 (°N) real data points acquired with a
total of 40 transients per increment, and HNHB with 512 (HN), 96 (H), and 30 (°N) real
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data points acquired with a total of 32 transients per increment. Sequential assignments
were made using an "N-edited NOESY acquired on a Varian INOVA 800 MHz
spectrometer equipped with a 5 mm triple resonance probe and x, y, and z-axis pulsed
field gradients. The spectral widths for "HN, 'H, and "N were 10000 Hz, 8200 Hz, and
2188.4 Hz, respectively. The numbers of real data points acquired were 640 (HN), 172
(H), and 32 (PN) with a total of 16 transients per increment. The mixing time was 100
ms. Following sequential assignment, the two proline residues were assigned from the
8CHs using a natural abundance *C-HSQC experiment with 448 (‘H) and 306 (°C) real
data points acquired with a total of 352 transients per increment. The lysine and
glutamine sidechains were then fully assigned using 2D TOCSY and NOESY
experiments with 2048 ("H) and 256 ('H) real data points with a total of 64 transients per
increment. The three previous experiments were collected at 600 MHz (spectral widths
were 7000.35 Hz for 'H and 2000 Hz for °C) on the unlabeled TmAFP sample in D,O.
Spectra were processed with NMRPipe (30) and analyzed using NMR View (37)
programs.

QCTGGADCT  CT

GACTGCGNCPN:

VTCTN: QHCVK:

NTCTG  TDCNT/.

Q‘?iﬁfﬁm KDCFE:

N?QTD ITNCYK:

T CTN" ‘GCPGH

Figure 2.1 Amino acid sequence of the 7. molitor AFP isoform used in this
study. The repetitiveness of the sequence is highlighted by use of red for Cys,
blue for Thr, light blue for Ser, and green for Ala. The underlined residues
correspond to the regions of the protein that involve B-sheet secondary structure.

Owing to the repetitive sequence and structure of TmAFP, shown in Figure 2.1, the
chemical shift assignment procedure used was atypical. Many residues are in similar
environments in the protein and discrimination of chemical shifts was difficult. This was
further complicated by the fact that NOEs between residues 12 amino acids apart in
sequence were in many cases stronger than the sequential connections, which was

misleading in the process of NOE assignment. These realizations were made once we
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analyzed the crystal structure of TmAFP (/6). Using the PDB coordinates (prior to
publication, 1EZG), we measured distances from the backbone amide proton to other
protons in the protein and concluded that interloop distances were less than the sequential
distances, since the secondary structure consists only of extended strands and turns. By
thus correlating the interproton distances from the crystal structure with the NOE cross-
peak intensities, a structure-specific sequential assignment of TmAFP was completed,
with full 'H and "N chemical shift assignments made. The crystal structure itself was not

directly used in the assignment process.

2.2.3 Structure calculations

An ensemble of 50 TmAFP structures was generated from 672 distance restraints and 98
dihedral angle restraints using the simulated annealing program CNS version 1.0
(Crystallography & NMR System, 32). Interproton distance restraints were obtained
from the “N-edited NOESY with additional side chain NOE restraints obtained from the
high-resolution homonuclear two-dimensional '"H-"H NOESY experiment. The ¢
dihedral angle restraints were obtained from an analysis of the *Jy 4, coupling constants
measured in the 3D HNHA experiment (33). The v dihedral angle restraints were
determined by analysis of dy/d, ratios; however, these were incorporated with typically
large bounds (= 100°) and only in the regions of well-defined structure after initial
structure calculations using NOE distance restraints (34). All structure calculations
included the eight disulfide bonds, which were previously determined to have the
following connectivities: Cys>-Cys'", Cys*-Cys'®, Cys'>-Cys*, Cys*-Cys®, Cys*-Cys®,
Cys™'-Cys”, Cys®-Cys®, Cys”-Cys* (29). The disulfide bonds were restrained to a
distance of 2.02 = 0.1 A. No distance violations greater than 0.5 A or dihedral angle
violations greater than 5° were found. PROCHECK_NMR (35) was used to analyze the
quality of the structures and VADAR (36) was used to assign secondary structure.
Figures 2.3, 2.4, and 2.5 were generated using MOLSCRIPT (37) and Raster3D (38).

2.2.4 NMR spectroscopy for backbone dynamics
NMR spectra were acquired using Varian INOVA 500 MHz and Unity 600 MHz

spectrometers equipped with 5 mm triple resonance probes and z-axis pulsed field
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gradients. "N-T,, -T,, and {'"H}-"’N NOE experiments were carried out at 500 and 600
MHz at both 30°C and 5°C using sensitivity-enhanced gradient HSQC pulse sequences
developed by Farrow et al. (39). For measurement of "N-T, relaxation times at 30°C,
delays of 11.1, 55.5, 122.1, 199.8, 277.5, 388.5, 499.5, 666, 888, and 1110 ms were used
at 500 MHz and delays of 11.1, 55.5, 122.1, 199.8, 277.5, 388.5, 499.5, 666, 888, and
999 ms were used at 600 MHz. At 5°C, delaysof 11.1,55.5,122.1, 199.8, 277.5, 388.5,
499.5, 610.5, 721.5, 832.5, 888, and 999 ms were used at 500 MHz and delays of 11.1,
55.5,122.1, 199.8, 277.5, 388.5, 499.5, 610.5, 777, and 999 ms were used at 600 MHz.
For measurement of ’N-T, relaxation times at both 30°C and 5°C, delays of 16.61, 33.22,
49.83, 66.44, 83.05, 99.66, 116.27, 132.88, 149.49, and 166.1 ms were used at 500 MHz.
Delays of 16.54, 33.09, 49.63, 66.18, 82.72, 99.26, 115.81, 132.35, 148.90, and 165.44
ms were used at 600 MHz. In order to obtain equilibrium, a 1.0 s delay between
repetitions of the pulse sequence for "N-T, measurements was employed, while the delay
for obtaining equilibrium during the measurement of "N-T, was 2.5 s. {'"H}-"N steady-
state NOEs were measured from two HSQC spectra acquired with (NOE experiment) and
without (noNOE experiment) proton saturation prior to the first "N excitation pulse.
Proton saturation at both 500 and 600 MHz was achieved using a train of 120° proton
pulses with 5 ms pulse intervals for a total 3.5 s of saturation. Relaxation delays of 2 ms
(NOE experiment) or 5 ms (noNOE experiment) between repetitions of the pulse
sequence were used. The spectral widths for 'H and "N were 5500.172 and 1670.007 Hz
at 500 MHz and 7000.35 and 2000 Hz at 600 MHz, respectively. The number of real
data points acquired for 'H and "N, respectively, were 352 and 96 (30°C) or 128 (5°C) at
500 MHz and 436 and 96 (30°C) or 128 (5°C) at 600 MHz. A total of 32 or 64 transients
per t, increment were collected for "N-T, and -T, at 30°C, while 48 or 52 transients were
collected at 5°C. At 500 MHz, 112 (30°C) or 92 (5°C) transients were accumulated for
measurement of {'H}-’N NOE, while at 600 MHz, 96 transients were collected at both
30°C and 5°C.

2.2.5 NMR data processing

All NMR data were processed with the NMRPipe software (30). Enhanced sensitivity

data were processed using the ranceY.M macro. The F, (°N) dimension was extended by
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32 complex points using linear prediction before zero filling. The F, ('H) dimension was
multiplied by a 60°-shifted sine-bell function and the F, dimension was multiplied by a
75°-shifted squared sine-bell function before Fourier transformation. The F, and F,
dimensions were baseline corrected by polynomial subtraction in the frequency domain.
At 5°C, an additional window function was employed. The NMRView program (37) was
used for peak picking of all {'H-"N}-HSQC spectra. The values of the peak intensities
for the °N-T, and -T, measurements were fit to single-exponential, two-parameter decay
curves using the xcrvfit program (software available at: http://www.pence.ca/ftp). Error
in the "N-T, and -T, measurements was obtained from non-linear least-squares fits of the
peak intensities to two-parameter exponential decays. Error in the {'H}-"N NOE values
was calculated from baseplane noise values in "N-HSQC spectra acquired with and

without proton saturation.

2.2.6 PN-Relaxation data analysis

In general, the dipolar interaction between the N nucleus and its attached proton and the
chemical shift anisotropy of the °N nucleus are the main contributions to the backbone
amide T, and T, relaxation times and the "N-NOE enhancement (40). The theoretical
expressions describing °N-T,, -T,, and {'H}-"N steady-state NOE relaxation parameters

are given here as linear combinations of the appropriate spectral density functions:

= Dl(ou=0n) (o) + (00 )] (0] W
_%_ - ;2;[4](0) + (0 ~ wy )+ 3J{wy) + 6J(wy ) + 6J{wy + wN)] +—‘6—C[3J(wN) + 4J(0)] (2)
NOE =1+ (y, /7 )D[6/ (g + oy}~ H{wy - 0T, ®

where D= (g, /4n)z(yHQyN2({;)2 /4rNH6) and C = A’ w,* /3, oy and wy are the Larmor

frequencies of 'H and "N, respectively, v, is the magnetogyric ratio of 'H (2.68 x 10° rad
s T, vy is the magnetogyric ratio of "N (-2.71 x 10" rad s T, , is the permeability
constant of free space (4n x 107 kg m s A™®), & is Planck’s constant, ry, is the nitrogen-

proton internuclear distance (1.02 A), and A is the difference between the parallel and
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perpendicular components of the “N chemical shift tensor (-160 ppm). The spectral
density function is represented with the Lipari-Szabo model-free formalism (41,42),
using a generalized order parameter S*, which describes the degree of spatial restriction
of each backbone amide HN-N bond vector. With the assumption of isotropic tumbling
of the molecule, a single, overall rotational correlation time for the protein, and an
associated internal correlation time, the spectral density function is defined as:

Szrm (I—SZ)T } @)

(1 + 0)2T2m) ¥ (1 + w212)

2
J(CU)=-§

where 1! =1, +71,”, with 1, being the correlation time for overall molecular tumbling
and T, the correlation time for internal motion. The relaxation data for each residue is
then fit to a motional model describing the overall molecular tumbling of the protein,
including one or two types of internal motions of various time-scales. For computational
reasons the basic motional model is separated into five specific models, as previously
described (39). These models are tested iteratively starting with the simplest model, and
subsequently the more complex models, until the proposed model describes the measured
relaxation times within 95% confidence limits. Model 1 uses a form of the function in
equation 4, including the parameters S?, describing the amplitude of the spatial restriction
for each backbone amide vector varying from 0 (no spatial restriction) to 1 (complete
spatial restriction), and t,,. In model 1 it is assumed that . is fixed at zero and does not
contribute to relaxation. Model 2 includes S?, 1, and t,, and it is assumed that the
internal motions corresponding to T, are within the picosecond time-scale (0 <1, <T,)
and contribute to the relaxation. Model 3 is a modification of model 1, which includes a
parameter (R,,, in ) to describe the contribution of microsecond to millisecond time-
scale internal motions to 1/T,. Model 4 is model 2 modified to include the R, parameter.
Model 5 invokes internal motion occurring on two time-scales (43,44). It includes an
order parameter (S%) for picosecond time-scale internal motions, an order parameter (S%)
for nanosecond time-scale internal motions that are faster than t,, but slower than t,, and
a correlation time (t,) for nanosecond time-scale internal motions. The correlation time
1,, for picosecond time-scale internal motions, is assumed not to contribute to the
relaxation (as in model 1). The extended model spectral density function is given in

equation 5:
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where $* = $%8% and 7/ = 7,7, (v, +7,,). Inorder to determine the most appropriate

model to describe each residue, the parameters for each spectral density function are

adjusted to minimize the following 7’ function:

2_(Tlc—"i}e) (T - Tze) (NOE +NOE)

; (6)
TTi 0’ T2 G NOE

where the subscripts ¢ and e indicate calculated and experimental values, respectively,

and ¢ is the error of the individual relaxation parameters used.

In the case of rigid body anisotropic reorientation, the spectral density function has been
fully detailed elsewhere (45,46); for example in equations 3 and 4 in the paper by Tjandra

et al. (46). The six parameters (D,,, D,,, D,,, 0, ¢, and ) describing the orientation and

e
amplitude of the principal components of the diffusion tensor in the molecular frame are

optimized. The diffusion parameters are then extracted by minimizing the error function:
2
XZ - 2{[(R;ncas/leeas) _ (chalc/Rlcalc)]n /Gn} (7)

where O is the uncertainty in the experimental R,/R, ratio. The summation is performed

over all residues defined as rigid using the following equations as proposed by Tjandra et

al. (46,47):
NOE < NOE-1.5 SD (8a)
<T2>"T2,u <T> >1.58D 8b
AN ®0

where the T, and T, averages are taken over residues that have not been excluded because
of a low NOE (eq. 8(a)). SD is the standard deviation of the function calculated for these

residues.

For the diffusion tensor and internal mobility analysis, the Cartesian coordinates of
TmAFP were taken from the crystal structure. The fit of the components and orientation
of the diffusion tensor is performed using an in-house written program (48) and

visualized with the program TENSORZ2 (49). The relaxation parameters are analyzed
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with respect to isotropic, axially symmetric, and fully asymmetric rotational tumbling
models using TENSOR2. The significance of the improved fit of each model is tested to
ensure that the reduction in %’ is not due only to the introduction of additional parameters

into each subsequently more complex model.

The global isotropic correlation time has been optimized using those residues that do not
display obvious signs of relaxation active mobility, using the exclusion criteria detailed in
equations 8a and 8b above. With the assumption of negligible internal mobility and
exchange, the T,/T, ratios of these residues should be dependent only on the overall

reorientation of the molecule.

With the orientation and the components of the diffusion tensor optimized using the
selected vectors, the internal mobility, shown here for the case of axially symmetric
rotational diffusion, is characterized using the spectral density function extended to

include fast internal motions:

2 2% Stw,  (1-5%)
Jlw)==§ A,
(w) f; ! 1+(wrj)2+1+(wr’j)2

®

with 7] =17j’L'S/(‘L'j +rs), 7' =6DL, 1, =5DL+ D) , 7, =2DL+4D],

A = (3 cos’ 0 - 1)2/4, A, =3sin’fcos’ @, A, = (%)sin' 0, where 8 is the angle between
the NH bond vector and the unique axis of the principal frame of the diffusion tensor.
This is analogous to the isotropic Lipari-Szabo formalism, as the fast internal motion (x;
<< (6D)™) is assumed to be independent of the overall rotational tumbling. The statistical
tests performed to determine the significance of the derived models use the same criteria

for model selection as in the isotropic case described above.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



24

2.3 Results

2.3.1 Solution structure of TmAFP

The recombinant TmAFP used in this study consists of 85 residues, with the N-terminal
Met used to initiate translation in E. coli numbered 0. In this way sequence numbering
remains consistent with the native protein. The extreme regularity of the sequence and
structure as well as the abundance of small amino acid side chains (Figure 2.1) made it
very difficult to assign the 'H and "N chemical shifts of this protein. Despite this, almost
complete 'H and "N NMR chemical shift assignments of TmAFP were obtained using

the structure-specific assignment procedure discussed in the experimental procedures.
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Figure 2.2: 'H-"N HSQC spectrum of TmAFP at 30°C, showing the complete
backbone amide assignments and the wide chemical shift dispersion.

Backbone amide protons were unambiguously assigned for 79 out of the 83 non-proline

residues at both 30°C (Figure 2.2) and 5°C (not shown). Resonances for the N-terminal
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Met°, Gln', and Cys?, as well as the C-terminal His® were not observed. As can be seen
in the 'H-""N HSQC spectrum in Figure 2.2, the resonances are generally well-dispersed
and the spectra are of high resolution. In addition, complete assignment of all side chains
resonances was accomplished, with the exception of the four residues mentioned above
which were not observed, and the side chain amide groups of three asparagines and the

three glutamines that could not be unambiguously distinguished.

Figure 2.3: The tertiary structure of Tenebrio molitor antifreeze protein. Shown
is the Ca trace of the superimposition (using residues 13-81) of the main chain
atoms from the 20 lowest energy NMR-derived structures of TmAFP (PDB code
IL1E).
Restraints for 672 interproton distances (148 long-range, ( ] i—j [ = 5); 40 medium-range,
(2= |i-j| = 4); 202 sequential (|i~j|=1) and 282 intra-residue (i = j)) and 98 ¢ and
1y dihedral angles were derived as described in the experimental procedures. An
ensemble of structures was generated using these restraints (Figure 2.3). The statistics
for this ensemble are summarized in Table 2.1. Overall, the calculated structures exhibit
good covalent geometry and agree well with the experimental data. The single structure

closest to the mean of the ensemble was selected for illustrative purposes and the

following discussion.
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Table 2.1: Structural Statistics for the Ensemble of 20 refined structures of TmAFP

Ensemble Selected structure
r.m.s.d. from NOE distances (A) 0.022 = 0.001 0.021
(672)
r.m.s.d. from dihedral angle restraints 0.37 £ 0.11 0.396
{degrees) {(98)
r.m.s.d. from idealized covalent
geometry
Bonds (&) 0.0025 = 0.0002 0.06022
Angles (degrees) 0.37 £ 0.01 0.35
Impropers (degrees) 0.2320.02 0.22
Cartesian coordinate r.m.s.d. (A)
Backbone atoms (N, Ca, C) 0.8 0.1 0.6
All heavy atoms 1.1 0.1 1.0
Ramachandran plot analysis
Residues in most favored regions 533 % 52.8%
Residues in additionally allowed regions 45.2 % 472 %
Residues in disallowed regions 1.5% 0%

TmAFP is a right-handed parallel B-helix consisting of seven repetitive 12-amino-acid
loops (Figure 2.4). The consensus sequence for these repeated loops is XTCTxSxxCxxA,
as described previously (50) and shown in Figure 2.1. The overall shape of the protein is
a flattened cylinder approximately 32 A long, with a 14 x 8 A pseudo-rectangular cross
section. The structure is constrained by a series of intraloop disulfide bonds running
through the middle of the helix core. All 16 cysteines in TmAFP are involved in these
disulfide bridges. Six of the eight disulfide bonds are spaced 6 residues apart and are
aligned in the centre of each loop, except the N-terminal one (Figure 2.4). In the N-
terminal region, the other two disulfide bonds (Cys*-Cys'' and Cys®-Cys™) do not
conform to this regular pattern; however, the N-terminal loop formation is not disrupted.
The structure is further stabilized by a network of hydrogen bonds whose existence is
supported by the observation of long-lived amide proton resonances in the two-
dimensional TOCSY spectrum in D,0. These hydrogen bonds are present in the - and
y-turns of the individual helical loops, as well as in the stacking of adjacent loops (I6).

This is due to the extremely similar backbone conformations of each loop of the helix.
Owing to the tightness of this $-helix, with only 12 residues per loop, TmAFP has

essentially no hydrophobic core and certainly no room inside the helix for long side

chains. In addition to the disulfide-bonded cysteines that bisect each loop, the only other
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residues that fit inside the core are the conserved alanine and serine residues that line the
right and lefi-hand sides of the protein, respectively, for the view in Figure 2.4C. All the
rest of the side chains, including the relatively few hydrophobic ones, project out into

solution.

Figure 2.4: Ribbon representation of the TmAFP structure closest to the mean.
The B-sheets, shown in green, are located at residues 14-16, 25-28, 37-40, 49-52,
and 61-64. Disulfide bonds, shown in red, are located across each loop and
between loops 1 and 2 at the N-terminus. (B) is rotated 90° to the left to
emphasize the relative flatness of the proposed ice-binding face and (C) shows the
view down the helix axis.
Each loop of the helix, except the N- and C-terminal ones, contributes a 3 - 4 residue -
strand to the sheet that is formed along one side of the protein. This sheet contains the
array of threonine residues from the TCT motif that is the putative ice-binding face. The
rest of the loop consists of extended coil structure as well as - and y-turns. The entire
protein constitutes a well-defined structure, with r.m.s. distributions about the mean
coordinate positions of 0.8 = 0.1 A for backbone (207) atoms and 1.1 = 0.1 A for all
heavy (471) atoms from residues 13 - 81. The N-terminal 12 residues are poorly defined

due to the smaller number of NOE restraints in this region.
This structure agrees very well with that previously determined by x-ray crystallography

(16) (Figure 2.5). The r.m.s.d. between the representative solution structure and the x-ray

structure is 1.3 A for backbone (207) atoms and 2.0 A for all heavy (471) atoms of the six
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well-defined loops as described above. The main difference is again in the N-terminal
region, which is loosely defined in the solution structure. When the four C-terminal
loops (residues 37-81) are used for superimposition, the r.m.s.d. between the two
structures for the six well-defined loops drops to 1.1 A for the backbone (207) atoms;
however, when the three N-terminal loops (from residues 10-37) are superimposed, the

backbone r.m.s.d. is increased to 1.6 A.

Figure 2.5: NMR and x-ray crystallographic structures of TmAFP. Shown are
superimposed backbone traces of TmAFP solution (blue) and crystal (red)
structures. The superimposition is for residues 13-81 with an r.m.s.d. of 1.35 A.
The view is the same as in Figure 2.4A.

2.3.2 PN-T,, -T,, and NOE data

The backbone dynamics of TmAFP have been studied at two temperatures, 30°C and
5°C. At30°C, 73 residues at 500 MHz and 75 residues at 600 MHz were used for the
relaxation analysis, due to {'H-"N}-HSQC spectral overlap. At 5°C, 72 residues at 500
MHz and 73 residues at 600 MHz were used.

The values of "N-T,, -T,, and {"H}-"N NOE as a function of residue number are shown
for 30°C in Figure 2.6 and for 5°C in Figure 2.7. The profiles of "N-T,, -T, and {'H}-"N
NOE values for the two resonance frequencies display similar patterns as a function of

residue number. The regular periodic pattern of the T,, T,, and T,/T, values is obvious,
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Figure 2.6: Plots of (A) °N-T,, (B) "N-T,, (C) {'"H}-"N NOE, and (D) T/T,
ratios at 30°C with individual error bars plotted for 500 (¢) and 600 () MHz.
Average T,/T, ratios calculated for residues with negligible internal motion (NOE
> 0.6 (500 MHz) or NOE > 0.65 (600 MHz) were 2.36 = 0.21 for T,/T," ()
and 2.84 + 0.29 for T,/T,* (). A schematic diagram of secondary structure is
drawn above the panel with arrows depicting the B-strands. The residues in

structured regions are: B1 (14-16), B2 (25-28), B3 (37-40), P4 (49-52), and B5
(61-64).

corresponding to the 12-amino-acid repeat sequence and loop structure. For proteins
with T, = 5 ns (ie. in the slow tumbling limit), "N-T, values are largely dependent on the
rates of motion occurring at the "N Larmor frequency, and therefore exhibit
characteristic magnetic field strength dependence (Figure 2.6). At 30°C the T,’” is 381 =

22 ms with an average error of 7 ms, and T,** is 445 = 27 ms with an average error of 7
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Figure 2.7: Plots of (A) "N-T,, (B) ®N-T,, (C) {'"H}-"’N NOE, and (D) T /T,
ratios at 5°C with individual error bars plotted for 500 (¢) and 600 (o) MHz.
Average T,/T, ratios calculated for residues with negligible internal motion (NOE
> 0.6 (500 MHz) or NOE > 0.65 (600 MHz) were 5.46 + 0.72 for T,/T,”™ (=)
and 7.75 % 1.18 for T,%/T,** (o).

ms for all residues. The magnetic field strength dependence becomes more obvious at
5°C (Figure 2.7) where the T,* is 542 = 39 ms with an average error of 14 ms, and T,*®
is 695 = 59 ms with an average error of 14 ms over all residues. ""N-T, values in the slow
tumbling limit are largely determined by the zero frequency value of the spectral density,
J(0), and are therefore expected to be similar at the different magnetic field strengths, as
long as there are no chemical or conformational exchange contributions to T,. At 30°C,
the average T,” is 162 = 14 ms with an average error of 3 ms, and T,% is 156 = 16 ms

with an average error of 2 ms. At 5°C these values drop as expected due to slower
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tumbling and the average T,” is 101 = 10 ms with an average error of 2 ms, and T, is

92 = 10 ms with an average error of 2 ms over all residues. {'H}-°N NOE measurements
are particularly sensitive to fast internal motions on the picosecond time scale (0 < 1. <
T..), and again a similar pattern is observed at the two magnetic field strengths as a
function of residue number. At 30°C the average NOE is 0.65 = 0.07 with an average
error of 0.06 and NOE™ is 0.74 = 0.05 with an average error of 0.04 for all residues. At
5°C, the pattern holds and NOE*® is 0.75 = 0.08 with an average error of 0.10 and
NOE® is 0.80 = 0.06 with an average error of 0.06 over all residues.

2.3.3 Rotational diffusion anisotropy and overall correlation time

To calculate the global t, the first step is to remove residues with NOE values below a
certain threshold. This is done because the NOE is sensitive to internal dynamics on the
picosecond-nanosecond time-scale, and those residues with motions that are faster than
1, on this time-scale must be eliminated prior to the calculation. An NOE cutoff value of
0.6 was used at 500 MHz and an NOE value of 0.65 was used at 600 MHz. A total of 56
out of 73 residues (30°C) and 68 out of 72 residues (5°C) from the 500 MHz data and 70
out of 75 residues (30°C) and 70 out of 73 residues (5°C) from the 600 MHz data set
were selected by the NOE criteria for use in the global ¢, calculation. Residues that were
removed from the data sets were typically from the N- and C-terminal regions of the

protein.

Those residues which did not have their T,/T, ratios excluded due to the NOE criteria
described above were used to estimate the global t,,. Residues with a T,/T, ratio above or
below one standard deviation of the mean for all residues were also removed (46, 47).
The relaxation parameters for each magnetic field strength were analyzed individually.
At 30°C, the average T,/T, ratios of the selected residues are 2.36 = 0.21 and 2.84 = (.29
at 500 MHz and 600 MHz, respectively, while at 5°C the T,/T, ratios are 5.46 = 0.72 and
7.75 £ 1.18 at 500 MHz and 600 MHz. A total of 42 residues (30°C) or 41 residues
(5°C) were used to calculate the global T, at 500 MHz, while a total of 53 residues

(30°C) or 48 residues (5°C) were used at 600 MHz. 1, was calculated on a per residue
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basis using the spectrai density model 2 (eq.4) for isotropic rotational diffusion and the
results were averaged to give the global t,,. Global t,s of 4.2 ns (500 MHz) and 4.0 ns
(600 MHz) were obtained at 30°C. At 5°C, a global t,, of 7.7 ns was obtained at 500
MHz and 7.9 ns at 600 MHz.

From the observation of the periodic pattern of the raw dynamic data, anisotropy in the
rotational tumbling of TmAFP is postulated. The crystal structure of TmAFP was used to
calculate the normalized lengths of the principal axes of the inertia tensor, and the ratio
was 1.00: 0.52 : 0.45. Thus, anisotropy in the tumbling is indeed expected. The
rotational diffusion anisotropy was examined for all residues not affected by large-
amplitude fast picosecond and slower millisecond time-scale motions, in a similar
manner to the procedure described by Pawley et al. (57). The relaxation parameters T,,
T,, and NOE were analyzed with respect to isotropic, axially symmetric and fully
asymmetric rotational tumbling models using a grid search to find the minimum in the
squared difference measured and calculated T,/T, ratios using an in-house written
program (48). All residues for which relaxation data were available were considered for
the anisotropic rotational tumbling analysis, unless they were shown to be subject to
significant internal motions, as determined by the filtering method above. The rotational
tumbling of TmAFP is best characterized using the axially symmetric model with Dy/D =
1.45 at 30°C and Dy/D = 1.65 at 5°C for both magnetic field strengths (Table 2.2). A
statistical F-test, shown in Table 2.2, validated the inclusion of additional parameters in
the axially symmetric rotational diffusion model, while the fully asymmetric model was
over-parametrized (52). For the axially symmetric model, the probability that the
improvement in fit by the inclusion of additional parameters occurred by chance is 0 at
5°C for both magnetic fields, and 3.2 x 107" (500 MHz) or 2.2 x 10"" (600 MHz) at
30°C. The axially symmetric rotational diffusion tensor was found to be prolate in shape

(DyD, > 1).
The orientation of the diffusion tensor with respect to the molecular structure of TmAFP

is shown in Figure 2.8. D, (or Dy, the unique axis of the rotational diffusion tensor, is

parallel to the long axis of the -helix. The orientation of the amide bond vectors of the
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backbone varies depending on which of the 12 positions in the loop it occupies. As will
be expanded upon in the next section, this analysis was carried out in order to prevent the
misinterpretation of relaxation parameters by the assumption of isotropic rotational

diffusion in the internal mobility (model-free) analysis.

Table 2.2: Rotational Diffusion Parameters by Isotropic, Axially Symmetric, and Asymmetric Medels at 500 and
600 Milz and Twe Temperatures (38°C and 5°C) for TmAFP*

f’fe"ﬁgft‘émp wins) DyDS DD, ¢ ¢ & B B/ FE
isotropic”

500 (30°C) 4.2 1 1 7094 114

600 (30°C) 4.0 1 1 2274.4 35.5

500 (5°C) 7.7 i 1 14422 229

600 (5°C) 7.9 1 1 2584.1 38.6

ax. sym”

500 (30°C) 39 143 1 61.2 -133.6 2921 4.9 28.1
600 (30°C) 3.8 1.50 H 62.8 -130.8 8138 133 36.5
500 (5°C) 7.1 1.65 1 60.2 -120.6 1949 32 128.0
600 (5°C) 73 1.64 1 58.5 -121.0 4743 7.4 94.9
asym”

500 (36°C) 40 1.38 0.87 62.2 -132.1 242 2821 4.9 1.0
600 (30°C) 38 1.51 0.94 62.4 -131.7 -112.9 808.4 13.7 0.2
500 (5°C) 7.1 1.67 0.94 60.7 -121.3 -44.4 193.1 33 0.3
600 (5°C) 7.3 1.64 0.99 58.4 -121.0 0.1 474.1 7.6 0.01

“Values were calculated using the crystal structure of TmAFP (PDB entry 1EZG). °t,=1/6D. * Dy/D, = 2D /(D aD,). *
Euler angles describing the orientation of the components of the diffusion tensors, D, (6 and ¢) and D, (¢). * Ervor
function £ = E " (TLg IT. - T, )2 / oz, , where N is the number of residues used in the fit. / Reduced error
function E,=E/{(N-m), where N and m are the number of residues and variables used in the fit, respectively. ¢ F.=(E,-
E,.JIxE, ... where E and E, are defined above and x is the number of additional variables in the fit. Larger F, values
justify the use of additional variables (Gagne et al., 1998). * For the isotropic, axially symmetric, and fully asymmetric
anisotropic analyses, 63 (30°C) and 64 (5°C) residues at 500 MHz and 65 (30°C) and 68 (5°C) residues at 600 MHz were
used.

Figure 2.8: Rotational diffusion tensor of TmAFP. The best fit rotational
diffusion tensor of TmAFP is shown superimposed on the TmAFP structure
closest to the mean. The tensor is visualized as a three-dimensional ellipsoid with
its axes marked. The orientation of the molecule in (A) is the same as in Figure
2.4B, while (B) shows the view down the helix axis from the position in (A).
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2.3.4 Model-free analysis and internal mobility

The Lipari-Szabo model-free approach (41,42) is widely used to interpret backbone
amide N relaxation parameters. The experimental "N-T,, -T,, and {'H}-"N NOE
relaxation parameters were fit to spectral density models 1-5. The spectral density
parameters from each data set (500 and 600 MHz, at both 30°C and 5°C) were optimized
individually (Figure 2.9) to allow assessment of the consistency between magnetic field
strengths. This is possible to do since the motions that give rise to NMR relaxation are
not dependent on magnetic field strengths, except for a slight alignment at higher

magnetic field strengths (53).
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Figure 2.9: Plots of (A), order parameters (S?) at 30°C, (B) §* at 5°C, and (C)
AS? = §*(30°C) — $*(5°C) for 500 (=) and 600 (m) MHz data.

The S? values obtained agree very well between the two magnetic field strengths, as
expected. At 30°C, the average S* values for the whole protein backbone are 0.87 at 500
MHz and 0.88 at 600 MHz (Figure 2.9A). These S* values are typical of well-defined

secondary structure in proteins. At 5°C, the average S” values are almost identical, 0.88
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at 500 MHz and 0.89 at 600 MHz (Figure 2.9B). Only some residues in the N-terminal
loop and the very C-terminal residues display any motion of varying amplitudes and
rates. For TmAFP, both the B-sheet and extended loop regions of the protein are highly

structured.

All of the model-free analysis was performed accounting for rotational diffusion
anisotropy (eq.9), as the failure to include this will lead to misidentification of ©, and/or
R,, terms as genuine slow motions and conformational exchange (46). As well, S* values
calculated assuming isotropic rotational diffusion are also affected and appear artificially
lowered, implying the molecule is more flexible and undergoes more internal motion than
is actually occurring. For TmAFP, as shown in Figure 2.8, D, (D) is parallel to the long
axis of the P-helix. Around each loop of the helix, the orientations of the N-NH bond
vector in each of the 12 positions vary from parallel to the helical axis to nearly
perpendicular. These different orientations with respect to the unique axis of the
diffusion tensor are what give rise to the periodic pattern displayed by the experimental

relaxation data.

2.4 Discussion

The study of protein backbone dynamics provides detailed and site-specific information
about the conformational changes that can occur upon ligand binding. Nuclear magnetic
resonance spectroscopy is sensitive to a wide range of motions of various time scales, and
is particularly applicable to this type of dynamic study. For TmAFP, the proposed ice-
binding region is the array of threonine residues that form the parallel 3-sheet on one face
of the protein (/6). The parameters extracted from these "N NMR relaxation studies
show that TmAFP has similar restricted internal mobility throughout the protein
backbone, at both temperatures studied. Therefore, both the ice-binding and opposite
faces of TmAFP are formed by well-defined and rigid structural elements and the overall
backbone dynamics are not affected as TmAFP approaches its physiclogically relevant

temperature.
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This observed backbone rigidity of the ligand binding site is a recurring theme in several
recent publications (54,55), in contrast to observations that ligand binding is often related
to increased active site flexibility (56). In other recent studies, the heteronuclear NMR
spin relaxation data has been interpreted in terms of its contributions to protein entropy
and heat capacity (57). In the case of TmAFP, the ligand it binds is ice, which has an
extremely regular spacing of its repetitive elements. If lattice matching to this array is to
occur, it follows that the binding site in question would be rigid to ensure the correct
positioning of the required protein constituents in close proximity. For TmAFP we
propose that the hydrophobic, rigid binding site reduces the entropic penalty for the free

energy of binding the protein to ice.

An examination of the structure of TmAFP suggests that a B-helix provides an ideal
scaffold to produce the required rigidity of the ice-binding site. Although parallel 8-helix
structures have been discovered in bacteria and fungi, including other right-handed §-
helices such as pectate lyase (58), rhamnogalacturonase A (59) and the P22 tailspike
protein (60), and the left-handed p-helix domain of N-acetylglucosamine acyltransferase
(61), all these proteins are much larger and less strictly regular than TmAFP. They
typically contain 22 to 27 residues per B-helical loop and all have normal hydrophobic
cores. Since no dynamic studies on these larger -helices have been undertaken, we
cannot state whether these f-helices will also demonstrate a similar degree of rigidity,
although it is certainly a distinct possibility. Nonetheless, the compact size and shape of
the TmAFP {-helix as compared to other B-helical structures, coupled with the extensive
disulfide- and hydrogen-bonding, structures the helical loops to such a high degree that
even the lack of a hydrophobic core does not affect its stability. It is interesting to note
that another insect AFP, that of spruce budworm, has utilized a -helical structure with a
triangular architecture as a scaffold for antifreeze activity (/7), while 3-helical structures
have also been postulated for the leucine-rich carrot AFP (3) and recently characterized

ryegrass AFP (62). However, a B-helical AFP structure has not yet been seen in fishes.

In conclusion, we have determined that the entire TmAFP molecule is a highly structured

and rigid protein. This rigidity appears to be inherent in the B-helical structure and does
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not appear to be a consequence of the lowering of the solution temperature towards
physiologically active temperatures. From this observation, we suggest that the B-helix
structure is an ideal scaffold for antifreeze protein activity and the key element to its
success is its repetitive structure and associated rigidity, which allows it to match the
solid ice crystal lattice as it binds. Given the wide variety of observed AFP structures in
fish, it would be informative to study backbone dynamics of these AFPs to compare their
proposed ice-binding face dynamics. As well, since it is clear that side chains play very
important roles in binding interfaces, a detailed look at their dynamic behavior will be the
next logical step in the attempt to elucidate the molecular mechanism of antifreeze

protein binding to ice.
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CHAPTER 3: The Role of Side Chain Conformational Flexibility in Surface

Recognition by Tenebrio molitor Antifreeze Protein”

3.1 Introduction

Antifreeze proteins (AFPs) present in various organisms, including fish (/), insects (2),
and plants (3, 4), help them to survive the freezing conditions of the environments in
which they live. The yellow mealworm beetle Tenebrio molitor, for example, produces
AFP (abbreviated TmAFP) in its hemolymph while overwintering in the larval stage.
AFPs bind to the ice surface, inhibiting ice crystal growth and depressing the freezing
point of the solution below the melting point. The separation of the non-equilibrium
freezing temperature and the melting temperature in a solution containing ice crystals is
referred to as thermal hysteresis (for a review, see ref 5). At millimolar concentrations,
the TmAFP can account for 5.5 °C of thermal hysteresis (6). This is much more active

(10-100 X) than the well-studied fish AFPs (7).

Binding to the ice surface is believed to proceed via an adsorption-inhibition mechanism,
although details of this interaction are not understood at a molecular level (8). AFP
binding to ice is specific and occurs on defined planes. This is supported by observations
that AFP solutions are able to shape the ice crystals to produce particular ice crystal
morphologies (9). Crystal growth is slowed or stopped completely on the plane to which
the AFP binds. For example, fish AFPs shape the ice crystal into a hexagonal bipyramid
by binding to the pyramidal plane, while insect AFPs can bind to both prism and basal
planes, shaping the ice crystal into a hexagonal plate (/0). Ice etching studies can reveal

the specific ice surface bound by an AFP and also support this hypothesis (/7).

Early attempts to define the nature of the AFP-ice interaction focused on hydrogen

bonding of polar side chains to the ice lattice, either through the inclusion of hydrogen

* A version of this chapter has been published. Daley, M.E. and Sykes, B.D. 2003. The
role of side chain conformational flexibility in surface recognition by Tenebrio molitor
antifreeze protein. Protein Science, 12: 1323-1331.
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bonding side chains into the ice lattice (lattice occupancy) (I2) or by a hydrogen bond
match with ice surface oxygen atoms (lattice matching) (/3). The models were based on
the crystal structure of the a-helical Type I AFP from winter flounder, the best
characterized and simplest AFP to study. It is composed of 37 amino acids, with a
tandemly repeated 11-amino acid unit with consensus sequence TX,N/DX,, where X is
generally alanine (/4). The 16.5 A spacing of the i, i+11 threonine residues matches the
16.7 A distance of the water molecules on the pyramidal plane. However, further
experimentation has led to diminished importance for the hydrogen bonding interaction
since mutation of threonine to serine, preserving the hydroxyl group and therefore the
hydrogen bonding ability of the side chain, caused a severe loss in activity, while
mutation to valine, preserving the methyl group and the shape of the side chain, resulted
in a relatively minor loss of activity (/5-18). Additionally, a redefinition of the ice-
binding site of this AFP has occurred on the basis of mutation studies in which the
alanine 17 to leucine mutant abolished antifreeze activity (/9). On the basis of these
studies and a recent examination of Type III AFP ice-binding (20), a universal ice-

binding mechanism relying on hydrophobic and van der Waals interactions is emerging.

The mechanism of ice-binding has also been complicated by questions concerning the
relative rigidity or flexibility of the side chains. Upon refinement of the Type I crystal
structure, the ice-binding threonine residues were observed to all adopt a rigid side chain
conformation with a y, of -60° (/3). These authors suggested that the rigidity and
common orientation of these side chains are critical for the ice-binding mechanism.
However, solution NMR studies at low temperatures indicated that the threonine residues
of Type I AFP were in fact flexible, and can sample many possible rotameric states prior

to ice binding (27).

The highly active TmAFP is an ideal candidate for this type of mechanistic study.
TmAFP is a small (8.4 kDa) highly disulfide-bonded, right-handed parallel 8-helix
consisting of seven tandemly repeated 12 amino acid loops. Its crystal structure revealed
an array of threonine residues on the B-sheet side of the protein that all adopted the same

x,;=-60° rotameric conformation, and the spacing of the hydroxyl groups is a near-perfect
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match to the prism plane of ice and approximates the spacing on the basal plane (22). In
addition, the crystal structure also contained bound external water molecules that, along
with the threonine hydroxyls, mimic a section of the ice lattice; the first time that this has
been observed in an AFP structure. Furthermore, this threonine array has been defined as
the ice-binding face by extensive mutagenesis (23). The threonines not on the ice-
binding face serve as internal controls. We have previously solved the NMR solution
structure of TmAFP and performed analysis of the "N backbone relaxation parameters
which revealed it to be a well-folded and rigid protein with restricted backbone internal
mobility throughout, at both 30 and 5 °C (24). In this study, we have investigated the
orientations of the threonine side chains in solution to examine the role of flexibility of
these side chains in this binding interface using high-resolution two-dimensional DQF-
COSY experiments to measure the *J,, coupling constants. These coupling constants, in
combination with NOE data, were used to determine the conformational states of the
threonine side chains. These observations are important to the consideration of surface
residues, both for understanding antifreeze protein activity, as well for other systems

involved in molecular recognition.

3.2 Results

The amino acid sequence and structure of TmAFP are shown in Figure 3.1A and 3.1B,
respectively. The threonine residues arrayed on the 3-sheet side of the protein, which
have been identified by mutagenesis as the ice-binding residues (23), are highlighted in
blue. Those threonine residues that are not part of the ice-binding face are coloured red.
Threonine 9, which is also not involved in ice binding, is coloured green since coupling

constant data could not be obtained for this residue.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



i CIKA
NSSGCPGH

A

Figure 3.1: Sequence and structure of the 7. molitor AFP isoform used in this
study. (A) Amino acid sequence. The 17 threonine residues are coloured to
emphasize their positions in the protein. The threonines in blue are those that
form the ice-binding face, the threonines in red and green are not part of the ice-
binding face. Coupling constant data could not be obtained for T9 (in green). (B)
Structure of TmAFP (PDB 1EZG) with threonine side chains displayed in bali-
and-stick representation and coloured as for the sequence in (A). Figure
generated using Molscript (25) and Raster3D (26).

To ensure there was no change in the structure of TmAFP in normal versus supercooled
water, the 'H NMR spectra of TmAFP in D,0 as a function of temperature were
examined (Figure 3.2). For clarity, only the amide region from 6 to 10 ppm is displayed,
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Figure 3.2: "H NMR spectra at 300 MHz of TmAFP in 100% D,0. Samples
were cooled from 30 °C to -20 °C as outlined in Materials and Methods.

corresponding to the HN resonances of buried residues. This region is a particularly
sensitive indicator of protein folding and has been successfully used to assess TmAFP
folding (27). As the temperature is decreased, there are no changes in chemical shift,
only a line-broadening which is attributable to the increase in solvent viscosity and does
not represent a structural change at low temperature. This has been extensively studied
using Type I AFP with similar results (28). As shown in the final spectrum in Figure 3.2,
the sample eventually froze at -13 °C at which point liquid state NMR experiments could

no longer be conducted.
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Characterization of the threonine 'H-"H *J; coupling constants of TmAFP began with the
identification of the threonine Ho-Hf crosspeaks in the DQF-COSY spectrum (Figure
3.3). The advantages of DQF-COSY are that double quantum filtration is used to
eliminate singlet resonances to help simplify the spectrum and resolution is improved
since both the diagonal and crosspeaks are in pure absorption phase. The disadvantage 1s
that it is less sensitive by a factor of two than conventional COSY. This was
compensated for by making a sample with as high a protein concentration as possible and
by collecting the data at the highest available field. Chemical shifts for this protein have
previously been reported (24) and are deposited in the BMRB (accession number 5323).
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Figure 3.3: 2D DQF-COSY 'H NMR spectrum at 800 MHz of TmAFP at 30 °C
in 100% D,0. Part of the Ha-Hp region containing the threonine cross-peaks is
displayed. The boxed threonines are those on the ice-binding face, while the
circled ones are not.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



47

FL
(Ez) -

4300
4310

| Ho-HB

4320

4330

43407

43507

8360 T T T T
3246 3235 3230 3225 3220 3218 3218 3205

F2 {(&"Ez)

{as) |

#3307
43407
4350

4368

43707

438077

LN S T ML AL B A S S B B A B B R S ML S S S A RO AN B S A AR IS NS S B I S N B

3260 3238 3238 2225 3229 32318 3219 3205 3300

72 {33}

Figure 3.4: Expansions of the 2D DQF-COSY 'H NMR spectra at 800 MHz of
TmAFP at (A) 30 °C and (B) 15 °C. The region containing the Ho-Hp cross-
peak patterns of T40 (bottom) and T62 (top) are displayed to show the fine
splitting of these cross-peaks. To distinguish between positive and negative
peaks, the positive peaks are displayed as contoured peaks and the negative peaks
are displayed as open circles.
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A crosspeak between a pair of protons is due only to the coupling between them (active
coupling); however, each proton in the pair may also have couplings to other nuclei
{passive couplings). In a phase sensitive COSY experiment, these are indicated by the
active couplings giving rise to splittings that are alternating in phase, while the passive
couplings split the line without altering the phase. An example of a well-resolved
crosspeak (T62) and its fine structure is shown in detail in Figure 3.4A. Despite the high
digital resolution of these spectra, accurate values for the coupling constants are difficult
to obtain directly, especially at the lower temperatures (Figure 3.4B), where the slower
molecular tumbling resuits in increased line-broadening. As linewidths increase, the
separation between the antiphase components, that is the active coupling being measured,
becomes increasingly different from the actual splitting (29). To minimize this effect, the
method of Kim and Prestegard (30) was used to measure peak-to-peak separations of the
extrema in absorptive and dispersive plots of rows through the crosspeaks of interest.
From these, an accurate calculation of scalar couplings can be made by analytical
solution of the equations for Lorentzian lines. While the increased linewidths observed at
lower temperatures are an issue, this method is highly accurate when the linewidths are
less than J, becoming less accurate for linewidths greater than J (30). Owing to the
extremely stable behaviour of TmAFP in solution and at lower temperatures, and the high
digital resolution of the spectra, the extracted linewidths range from 2.1 - 4.2 Hz at 30 °C,
and 5.2 - 8.8 Hz at 5 °C. These values for linewidths are similar to those obtained by
spectral simulation of one-dimensional spectra. The values of Av are less than J for those
threonine residues on the ice binding face and on the order of J for the threonines not on
the ice binding face. This implies that the observed 3J043 coupling constants are accurate
for residues on the ice-binding face and that the smaller values of J (that is the residues
not on the ice-binding face) are affected by line broadening to a greater degree. This
leads to an approximately 0.5 Hz overestimation of the °J, measurements for the smallest
values. A series of simulated crosspeak spectra generated using the program
Mathematica (31), with the *Jg, passive coupling set to 7 Hz (to indicate free rotation of
the threonine methyl group) and the 3Juﬁ active coupling allowed to vary from 3 to 11 Hz,

showed that the calculated splitting patterns matched those in the experimental spectrum.
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The chemical shifts obtained at the various temperatures did not change significantly,
however the coupling constants displayed a marked difference depending on their
location in the protein and increased significantly as the temperature was lowered. The
observed coupling constants and their temperature dependence are summarized by the
graph in Figure 3.5. The threonine residues can clearly be separated into two distinct
populations on the basis of these measured coupling constants. These are displayed as
the blue (on the ice-binding face) and red (not on the ice-binding face) populations on the

graph.
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Figure 3.5: Plot of °J ; of each threonine residue as a function of temperature.
The two observed populations correspond to those threonines on the ice-binding
surface, in blue, and the threonines not on the ice-binding surface, in red.
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The measured coupling constants are used to calculate the occupancy of a specific
rotamer conformation on the basis of the expected coupling constants. In Figure 3.6, the
expected coupling constants are displayed for the three staggered rotamer conformations
of threonine. A side chain which does not have a fixed conformation, but instead
undergoes rotation that is fast on the NMR time scale will have an average coupling

constant of about 6.6 Hz.

X-] s 60° X-' = 1800 X1 i '600
*Jop = 3.4 Hz Jop=3.4 Hz *Jop = 12.9 Hz
NOE(Ho,HB) = s NOE(Ha,HB) = s NOE(Ho,HB) =w
NOE(Ha,Hy) = s NOE(Ho,Hy) = w NOE(Ha,Hy) =s

Figure 3.6: Correlation of the *J ; coupling constants and the corresponding NOE
intensities with the %, side chain torsion angles for the three most populated
threonine rotamer conformations. The threonine side chain is shown in the
Newman projection with the Ca in front and the CB in the back.

The observed *J,; coupling constants of T3 (6.7 Hz) and T73 (5.5 Hz) at 30 °C are very
close to this expected value for unrestricted rotation and suggest either an equal
population of all three rotamers or averaging between a gauche and the trans rotamer.
Using T52, from one of the central loops of the ice-binding face as a representative ice-
binding threonine, a coupling constant of 9.4 Hz is observed at 30 °C. This value

increases to an observed coupling constant of 10.8 Hz at 5 °C. In the following equation,
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P,, P,, and 1-P-P, describe the fractional occupancy of the side chain in the +60°, 180°,
and -60° conformations, respectively.

9.4Hz = F, x34Hz+ B x34Hz + (1 - P - P,)x 12.9Hz ¢
Solving this equation shows that the side chain of T52 populates the y,=-60°
conformation 63% of the time at 30 °C. At 5 °C, this increases to 73% population of the
«,;=-60° rotamer. These calculations were performed for all of the observed coupling
constants at all four temperatures and these results are displayed in Table 3.1. The NOE
analysis, as described in the Materials and Methods section, corroborates this observation

of restricted rotation for the threonines on the ice-binding face.

Table 3.1: Percent population of the y%; = -60° rotamer conformation

Residue 30°C 25°C 15°C 5°C

Type I AFP* T2 39
T13 54
T24 54
T35 34

TmAFP: T3’ 35 40 44 45
T12¢ 3 - 9 -
T43° - 13 16 -
T47° 5 7 20 -
T67¢ 1 4 15 36
T73° 22 25 - 37
T16 46 53 53 56
T26 48 50 57 75
T28 62 60 63 74
T38 55 54 59 64
T40 55 60 62 -
T50 55 54 59 64
T52 63 64 65 73
T62 60 61 63 78
T64 61 58 65 69
T76 61 65 67 76

“Values for Type [ AFP are from Gronwald et al. 1996. ” Values are consistent with free rotation
of the sidechain, © Values are consistent with the 3, = +60° rotamer conformation.

In constrast, for T47, only 5 residues prior to TS52 but not an ice-binding residue, a

coupling constant of only 3.8 Hz is observed at 30 °C. This corresponds very nearly to
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complete occupancy of either the y;=180° or +60° rotamer, with only 5% population of
the ¢, =-60° rotamer. The NOE analysis in this case supports the x,=+60° rotamer as the
NOE ratio is close to 1. Upon lowering the temperature to 15 °C, the coupling constant
does increase to 5.3 Hz, indicating that population of the x,=-60° rotamer is increasing at
the expense of y;=+60°, suggesting the occurrence of rotameric averaging at the lower
temperatures for the non ice-binding threonine residues. This cannot be distinguished on
the basis of the NOE analysis since both a %,=+60° and a freely rotating side chain will
have an NOE ratio of approximately 1. Nevertheless, it can be generally stated that the
coupling constants for the ten threonines comprising the ice recognition surface populate
the y,=-60° rotamer to a greater degree than the remaining threonines, which correspond
to either an average of more than one conformation, or to preference for the y,=+60°

rotamer.

3.3 Discussion

Although the ability of AFPs to bind ice and inhibit its growth is well-known, it is not
well understood. Study of the molecular mechanism by which these proteins adsorb to
ice are hindered by two main factors: first, the wide structural variation of AFPs for
which structures have been solved, and second, the unique characteristics of the AFP-ice
interaction which make it difficult to examine directly. The structural diversity of AFPs
and the inability to deduce any sequence similarity between different AFP types means
that putative ice-binding faces have been proposed based on mutation studies. The only
features these varied sites appear to share is the relative flatness of the interaction surface
of the protein, and in the case of Type I and the insect AFPs, the evenly spaced ranks of
threonine residues that match the ice lattice. As well, a significant proportion of the
surface area of the protein is involved in the binding interface, and the ice-binding sites
generally appear to contain more hydrophobic and less polar amino acid side chains than
the rest of the protein. Mutation studies of Type I and Type 11l fish AFPs and the -
helical insect AFPs have been very revealing, however. Mutations that introduce large

side chains on the ice-binding surface sterically block the AFP-ice interaction, but are
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well-tolerated elsewhere on the protein (23). Mutations that decreased the size of the side
chain are also deleterious, however mutations that are isosteric, that is those that do not
change the shape or size of the side chain are generally neutral (20). This suggests that
loss of shape complementarity and with it, the hydrophobic and van der Waals contacts,
is an important factor contributing to the ability of these proteins to bind to ice.
Mechanistically, for the adsorption-inhibition model of crystal growth to explain the
observed properties of AFPs, the proteins must bind irreversibly. Therefore the
antifreeze must fit almost perfectly to the ice in order to prevent water molecules from
entering the interface (32). This can explain why any mutation that disrupts the
“snugness” of the binding interface, whether larger or smaller, will have negative effects

on ice-binding and thermal hysteresis.

In order to elucidate the molecular mechanism of ice binding, it is necessary to
characterize the conformations of the critical side chains. The NMR analyses of TmAFP
indicate that the ice-binding threonine residues have a clear preference for the y,=-60°
rotamer conformation at all temperatures studied and that this preference becomes more
pronounced at the lower temperatures, where the AFP is closer to physiologically
relevant conditions. The threonine residues that are not on the ice-binding surface do not
display this preferred conformation. This indicates that the TmAFP adopts a unique
preformed ice-binding structure in solution prior to recognition of the ice surface. The
rigidity of the side chains in the binding site reduces the entropic barrier to binding, as the
side chains do not have to reposition themselves prior to ice binding. The experimental
observation that the key binding side chains of TmAFP are positioned in the rotamer
conformation adopted in the interface supports a hypothesis based on molecular
dynamics simulations of proteins alone and in complex. In this study, it was proposed
that this allows biological recognition to proceed on a feasible time scale and yields an
intermolecular affinity that reduces the entropic penalty of binding (33). The flexibility
and free rotation of the threonine residues not on the ice-binding face may help prevent
the structuring of water molecules on the other side of the protein and prevent its

engulfment into the ice crystal.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



54

The B-helical structure of TmAFP provides the ideal scaffold to form this rigid ice
binding conformation. The repetitiveness of the primary amino acid sequence is reflected
in the three-dimensional loop structure allowing a rigid array of threonine residues to
perfectly match the ice crystal lattice. Notably, the %,=-60° rotamer conformation is a
commonly preferred rotamer in B-sheet secondary structure due to favorable hydrogen

bonding effects with the backbone (34).

The inability to directly observe the molecular interaction of AFP and ice requires the use
of various methods to indirectly probe the surface interaction. Computational docking
studies and molecular dynamics simulations are a popular way to examine this interface,
however the potential flexibility of protein surface side chains has posed a challenge for
correct modeling. With this study, we have shown that the threonine side chains in the
ice-binding face are not particularly flexible, and furthermore, we have determined the
rotamer conformation most preferred by these side chains. This knowledge will
contribute to the ability to perform more accurate molecular dynamics simulations and
docking studies. Finally, the indirect probe we have employed, specifically solution state
NMR experiments to study protein dynamics, has proven very useful in characterizing
the rigid nature of the AFP-ice interface and the behaviour of the side chains in particular.
Clearly the intimate surface-to-surface complementarity between TmAFP and crystalline

ice is a key factor in binding.

3.4 Materials and Methods

3.4.1 NMR spectroscopy

An unlabeled sample of TmAFP isoform 2-14 previously prepared was used for all
experiments described in this paper. This sample was prepared by dissolving the
Iyophilized protein in 100% D,0, with 0.1 mM DSS added for internal referencing. The
final protein concentration was approximately 2 mM and the pH was adjusted to 5.6 with
microliter aliquots of 100 mM NaOD or DCI as required. For the freezing experiment, a

medium-walled tube (524-PP-8, Wilmad, Buena, NJ) was used to prevent tube breakage.
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The freezing experiment was collected on a Varian Unity 300 MHz spectrometer using
an indirect detection probe. The 'H 1D NMR spectra were collected over a temperature
range of 30 °C t0 -20 °C in 1° decrements. After each temperature change, the sample
was allowed to equilibrate for 30 minutes. For each temperature point, 16 000 complex
data points were acquired with 256 transients using a spectral width of 4000 Hz. The 90°

pulse width was calibrated to 7.5 us.

The 2D DQF-COSY (35) and NOESY (36) spectra were acquired at 30 °C on a Varian
INOVA 800 MHz spectrometer equipped with a 5S-mm triple resonance probe and x, y,
and z-axis pulsed field gradients. For the DQF-COSY experiment a spectral width of
7000 Hz was used in both dimensions. The acquired data consisted of 8192 F, x 1024 F,
complex data points. The data were zero-filled to give a spectrum after transformation
that contained 16 384 x 4096 data points. The 2D NOESY spectrum was acquired with a
spectral width of 10 000 Hz in both dimensions and a mixing time of 100 ms. The data
consisted of 8192 F, x 512 F, complex data points and was zero-filled to give a spectrum

that contained 16 384 x 4096 data points after transformation.

All 2D DQF-COSY spectra collected for measurement of *J 4 coupling constants were
also measured on the Varian INOVA 800 MHz spectrometer. Spectra were acquired at 5,
15, 25, and 30 °C with a spectral width of 2000 Hz in F, and 2400 Hz in F,. Temperature
calibration of the spectrometer indicates the reported temperatures are within 0.5 °C from
5 to 20 °C and within 0.1 °C from 25 to 30 °C. The data consisted of 8192 F, x 1024 F
complex data points. The spectra were processed with 16 384 x 4096 data points using
an unshifted sine bell window function in combination with line broadening in both
dimensions. All NMR data processing, including the integration of the NOEs, was
performed using the Varian VNMR 6.1B processing software on a Sun Blade 100

workstation.

3.4.2 Determination of 3Jaﬁ coupling constants
The *J; coupling constants of the threonine residues were determined at four

temperatures from the peak separation of the DQF-COSY Ho. - Hf cross peaks. Even
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with the high digital resolution of the spectra, it is difficult to obtain accurate values for
coupling constants directly from the observed splitting as the separation between
antiphase components becomes increasingly different from the actual splitting with
increasing linewidths (29). Slower molecular tumbling at decreased temperatures causes
this effect to become more pronounced at the lower temperatures measured. For this
reason we used the method of Kim and Prestegard (30), which allows accurate
calculation of scalar couplings by the measurement of peak-to-peak separations of the
extrema in absorptive and dispersive plots of rows through the cross peaks of interest.
These peak-to-peak separations were measured along the higher resolution F, axis in the
opposite trace orientation from that displayed in Figure 3.4A to reduce partial overlap in

the multiplet.

3.4.3 Determination of x, side chain torsion angles

The 7, side chain torsion angles are obtained by the analysis of the pattern of 3Jaﬁ
coupling constants and the relative intensities of the intraresidue NOEs involving the Ha
and two H protons (37-39). Figure 3.6 displays the necessary information for
determining these angles for the simpler case of threonine residues, which have only one
HP proton. From the observed coupling constant, it is possible to calculate the
occupancy of a specific rotamer conformation on the basis of the expected coupling

constants for the different staggered rotamers.
Jus = 3B, @

where P, is the fractional occupancy of a conformation corresponding to the coupling
constant J. For a side chain which is not fixed into one conformation, an average
coupling constant will be obtained if the rotation is fast on the NMR time scale. In the
case of a threonine side chain with no rotamer preference, a °J 4 of 6.6 Hz would be
obtained. In addition to the information about preferred rotameric states obtained from
coupling constant analyses, the ratio of NOE intensities of the a-, -, and y-protons

provides further evidence. The NOE ratio is defined by:

iio - \NOEsecus) 3)

J(NOEsn)
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The Ho-Hy NOE is divided by 3 to account for the three threonine methyl protons as
compared to the one B-proton. As outlined in Figure 3.6, a NOE ratio significantly less
than 1 corresponds to ay, of -60°, while a NOE ratio significantly greater than 1
corresponds to a ; of 180°. A NOE ratio of approximately 1 corresponds to either ay,

of +60° or to a freely rotating side chain.

3.5 Serine and Valine Mutation Studies®

3.5.1 Rationale

As mentioned briefly in the Introduction to this chapter, one of the initial suggestions for
the ice-binding mechanism was that the polar side chains of an AFP hydrogen bond to the
ice surface. The model was based on the crystal structure of the well-studied Type I AFP
from winter flounder. This a-helical AFP is composed of 37 residues with a tandemly
repeated 11 amino acid consensus sequence TX,N/DX,, where X is generally alanine
(14).

g Y8 :
Figure 3.7: Type I AFP crystal structure (/3; PDB 1WFB, chain B) docked to the
pyramidal plane of ice. The side chains of the four threonine residues are
displayed in ball-and-stick representation. (Figure adapted from 40).

* This work was presented in a poster at the PENCE Annual General Meeting,
Vancouver, British Columbia, May 22-23, 2003. Daley, M.E., Marshall, C.B., Davies,
P.L., and Sykes, B.D. Side chain conformational flexibility of Tenebrio molitor
antifreeze protein and its role in ice surface recogaition.
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The lattice distance matching model proposed that hydrogen bonding would occur
between the four threonine hydroxyl groups and the ice, based on the observation that the
16.5 A spacing of the i, i+11 threonine residues matched the 16.7 A distance of water
molecules on the pyramidal plane (/7). Further experimentation has led to a diminished
importance for the hydrogen bonding interaction. Specifically, mutation of the two
central threonine residues to serine caused a severe loss of activity (~10% of wild type
activity), despite preserving the hydroxyl group and therefore the hydrogen bonding
activity of the side chain. In comparison, mutation of the two central threonine residues
to valine resulted in only a minor loss of activity (~85% of wild type activity) by

preserving the methyl group and overall shape of the side chain (/5).

With the knowledge that the TmAFP ice binding residues are also regularly arrayed
threonine residues, we decided to attempt a similar study with single serine and valine
mutations on the ice-binding face. We then applied the same method to analyze the
rotamer conformations of the remaining threonine side chains using the °J,, coupling

constants as previously described in this chapter.

3.5.2 Experimental procedures

Unlabeled wild-type TmAFP isoform 4-9, and single mutations T16S, T16V, T38S,
T38V, T40S, and T40V, were produced in the manner previously described (23). For a
justification of using the 4-9 isoform in place of 2-14, refer to Appendix C. Thermal
hysteresis measurements on the mutant proteins have been performed, and all the serine
and valine mutations cause some degree of loss of activity relative to wild type TmAFP
(C.B. Marshall and P.L. Davies, personal communication). The *J, "H-'H scalar
coupling constants were measured using the same procedure as the wild type 2-14

coupling constants described in section 3.4.

3.5.3 Results
The experiments were collected at 600 MHz with high digital resolution, however the
quality of the DQF-COSY spectra varied because the protein concentrations were not

uniform. Therefore, no coupling constant measurements could be made for T16V and
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some samples are lacking measurements at various positions. To obtain data comparable
to the 2-14 isoform measurements already obtained, we also collected higher resolution
DQF-COSY experiments of the WT 4-9 isoform and the T40 mutant proteins at 800MHz.
These measurements are displayed in Table 3.2 (for the 600 MHz data) and Table 3.3 (for
the 800 MHz data).

Table 3.2: Threonine °J_, coupling constants (Hz) measured at 600 MHz and 25°C

Residue  WT T16S T38S T38V T40S T40V
T3 6.9 6.8 6.9 7.0 7.1 6.9
T16 7.7 S 7.8 7.3 7.9 7.9
T26 7.4 7.2 6.8 - - 6.9
T28 9.1 9.2 9.5 9.0 8.9 9.4
T38 8.1 8.7 S v 7.9 7.7
T40 8.6 8.3 8.1 - S Y
T52 9.3 9.3 9.3 | 8.3 [8.1 | 8.8
T62 9.0 9.2 8.7 8.6 9.0 9.0
T64 8.6 8.3 8.8 - 8.9 9.4
T67 5.9 - 6.0 - - -
T76 8.8 9.1 8.9 9.0 9.0 8.9

Table 3.3: °J,, coupling constants (Hz) of T40
mutations measured at 800 MHz and 25°C

Residue WT T40S T40V
T3 6.8 7.2 7.4
T16 8.5 7.5 8.1
T26 7.9 6.8 6.8 J
T28 8.8 9.1 8.7
T38 8.2 7.8 8.1
T40 9.0 S \Y
T50 8.2 7.8 8.1
T52 9.4 7.9 | 9.5
T62 8.8 8.8 9.0
T64 8.8 8.9 9.1
T67 5.2 3.7 3.4
T76 9.5 9.1 9.2
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A plot of the data in Table 3.3 is provided in Figure 3.8, with error bars included to show
the estimated 0.5 Hz error in the measurements. The boxed values in Tables 3.2 and 3.3
correspond to those ice binding residues for which a nearby mutation to either serine or
valine significantly decreased (ie. 1 Hz or greater) the measured BJug5 coupling constant

relative to the wild-type protein.
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Figure 3.8: Plot of *J 4 in Hz for the threonine residues of the wild-type, T40S
and T40V proteins. These were measured on a Varian 800 MHz spectrometer at
25°C.

3.5.4 Discussion

First, we will examine the measurements for the 600 MHz data. Mutations in T38 and
T40 represent two threonines in the same, central loop of TmAFP, but in a different rank
of threonine residues. For the view of the ice binding face in Figure 3.1B, T38 is in the
right hand rank containing four threonines, while T40 is in the left hand rank, which is
longer and contains six threonine residues. T52, in the loop below these mutations, is
affected by certain mutations as shown by the decrease in the measured coupling

constant. The effects of the mutations appear to be specific to the position of the
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threonine. For T38, mutation to valine, but not to serine, decreases the *J 4 coupling
constant of T52, however for T40, only mutation to serine has the equivalent negative

effect.

Upon examination of the T40 mutants in greater detail using the 800 MHz data,
differences were observed in the pattern of how surrounding residues are affected
depending on the type of mutation made. For T40S, the coupling constants of three
residues were significantly decreased: T16, T26, and T52. For T40V, only T26 was

observed to have a significantly lower 3Jmﬁ measurement.

A decrease in the measured coupling constant is an indication that the preference of that
side chain for the ,=-60° rotamer population is decreased. These results are complicated
and no simple pattern emerges, but we suggest that mutation of ice-binding threonine
residues to serine or valine alters the positioning of neighbouring threonine residues.
These effects appear to be slightly different depending on the nature of the mutation

made, as well as the position of the mutated threonine.

In general, this can be viewed as a destabilization of the rigid array of threonines on the
ice binding face of TmAFP. This observation lends further experimental support to the
hypothesis that intimate surface-to-surface complementarity between the AFP and

crystalline ice is a key factor in ice binding and inhibition of ice crystal growth.
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CHAPTER 4: Characterization of Threonine Side Chain Dynamics Using Natural
Abundance "C NMR Spectroscopy”

4.1 Introduction

The study of protein dynamics is of fundamental importance towards a complete
understanding of their biological function. Nuclear magnetic resonance (NMR)
spectroscopy is widely used to examine the internal motions of proteins over a range of
time-scales, including large amplitude slow motions (seconds), intermediate and
exchange motions (milli- to microseconds), and fast bond vector fluctuations (nano- to
picoseconds) all of which are significant in various biological contexts (I). The
heteronuclear NMR relaxation techniques most often employed are sensitive to these
subnanosecond internal motions. With increasing evidence that picosecond protein
dynamics may be relevant to the retention of entropy in protein-ligand binding (2),
measurements of this type will further contribute to a full description of the relationship

between protein structure and function.

The widespread use of "N NMR relaxation measurements has provided a great deal of
information on protein backbone dynamics, however a complete description requires
information about side chain motions as well. For this, the use of °C spectroscopy is
necessary. Side chain dynamics have been examined by various methods, both on
proteins that are uniformly “C/"N labeled (3, 4) or those that are partially labeled by
either random fractional *C labeling (5) or the incorporation of “C into alternating
carbon positions (6), both of which avoid complicated data interpretation arising from the
large PC-"C scalar and dipolar couplings. The incorporation of deuterium as a spin

relaxation probe at various side chain positions (7, 8) has also proven extremely valuable.

* A version of this chapter has been submitted for publication. Daley, MLE. and Sykes,
B.D. Characterization of threonine side chain dynamics in an antifreeze protein using
natural abundance C NMR spectroscopy. J. Biomol. NMR., submitted August 5, 2003.
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In the absence of C labeling, the use of natural abundance "C NMR spectroscopy has
allowed the examination of protein motions despite sensitivity limitations (9-12). While
many natural abundance "C NMR experiments have been successful, the techniques are
best suited for methine carbon relaxation because the simpler system allows for greater
ease of analysis. Methylene and methyl carbon relaxation by natural abundance methods
is considerably more complex owing to cross-correlation effects (13-75). These
techniques have not only enabled study of the motions of backbone Ca and side chain
methine carbons, but have also permitted direct comparison to backbone BN
measurements (/6). In the case of the °N nucleus, relaxation occurs through both the
dipolar interaction with its attached amide proton and its chemical shift anisotropy, while
for natural abundance “C, relaxation of aliphatic carbons is dominated only by the
dipole-dipole interaction with the directly attached proton. The advantage of focusing on
these nearly ideal two-spin systems is that the heteronuclear relaxation is attributed to the
reorientation of the HX bond vector with respect to the direction of the magnetic field
and can be analyzed in terms of the local motions being superimposed on the overall
protein tumbling. However, the choice of an appropriate model for the motion is often
difficult and internal motion can be interpreted either using model-free approaches (/7-
20) or in terms of specific motional models including wobbling-in-a-cone (21, 22), site

jump, or restricted diffusion models (23).

For the antifreeze protein from the beetle Tenebrio molitor (TmAFP), we have previously
completed a full analysis of °N backbone relaxation parameters at both 30°C and 5°C
(24). These studies showed that TmAFP is a well-folded and rigid -helical protein with
restricted internal mobility throughout the backbone. Owing to difficulties in the
expression and purification of this highly disulfide-bonded protein (25), we have not been
able to obtain “C labeled TmAFP. In order to study side chain motions in this protein,
and in particular, the threonine side chains which comprise the ice-binding face (26), we
have chosen to investigate the dynamics of the 7, dihedral angles connecting the B-CH of
threonine to its corresponding a-CH. In our previous study of TmAFP side chains (27),
we analyzed the internal dynamics of the threonine , angles using motionally averaged

] b 'H-"H scalar coupling constants. Using the Karplus relations (28, 29) and the relative
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intensities of the intraresidue NOEs involving the Ho and Hp protons (30), populations
of the staggered rotamer conformations are calculated by fitting the ?’Jm(5 coupling constant
to the measured value. We observed that threonine residues on the ice-binding face
preferentially maintain a ¢,=-60° rotamer conformation and concluded that a rigid
preformed ice binding structure is adopted in solution prior to ice surface recognition.
However, using averaged J coupling constants provides no information about the rates of
transfer between rotameric states or of librational motions. In this paper, we examine the
x; dihedral angle dynamics using “C methine relaxation rates measured at natural

abundance.

4.2 Experimental Procedures

4.2.1 NMR spectroscopy

Methine "C relaxation experiments were performed on a single previously prepared
sample of TmAFP isoform 2-14 at natural °C abundance. The lyophilized protein was
dissolved in 100% D,0, with 0.1 mM DSS added for internal referencing. The final
protein concentration was approximately 2 mM and the pH was adjusted to 5.6 with
microliter aliquots of 100 mM NaOD or DCI as required. The NMR experiments were
performed using Varian INOVA 500 MHz and Unity 600 MHz spectrometers equipped
with 5 mm triple resonance probes and z-axis pulsed field gradients. C-R,, -R,, and
{'"H}-"C NOE experiments were carried out at 125.7 and 150.8 MHz at both 30°C and
5°C using sensitivity-enhanced gradient HSQC puise sequences adapted from those of
Farrow et al. (37). The CH/CH, ~ edited HSQC spectrum of TmAFP is displayed in

Figure 4.1 with assignments of CaH and CBH resonances labeled.

The spectral widths for 'H and "C for the R, and NOE experiments at each temperature
were 5500.0 and 5000.0 Hz at 500 MHz, and 6400.0 and 6000.0 Hz at 600 MHz,
respectively. The 'H carrier was set at the residual HDO resonance, and the C carrier
was set at 56.7 ppm. The number of real data points acquired for 'H and °C,
respectively, were 396 and 128 (R,) or 396 and 48 (NOE) at 500 MHz, and 436 and 128
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Figure 4.1: 'H-"C HSQC correlation spectrum of TmAFP methine and methyl
resonances. The labels display the assignment of the CaH and CBH (indicated by

asterisks) correlations.

(R,) or 410 and 48 (NOE) at 600 MHz. A total of 48 (at 500 MHz) or 64 (at 600 MHz)
transients were collected for "C-R,. At 500 and 600 MHz, 256 transients were
accumulated for the measurement of {'H}-">C NOE. For the measurement of PC-R, at
30°C, reduced spectral widths of 2837.081 Hz at 500 MHz and 3404.57 Hz at 600 MHz
were used in the F, (°C) dimension and the C carrier was moved to 62.7 ppm to

minimize off-resonance effects on the relaxation of the Cp resonances.
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For measurement of 13(3-R1 relaxation rates, delays of 10.1, 50.5, 111.1, 181.8, 252.5,
353.5, 454.5, and 606.1 ms were used at both 500 and 600 MHz. At 5°C, delays of 10.1,
50.7, 111.5, 182.5, 253.5, 354.9, 456.3, and 608.4 ms were used. Measurement of "C-R,
relaxation rates, at 30°C only, employed delays of 16.3, 32.6, 48.9, 65.2, 81.5, 97.8,
114.1, and 130.4 ms at both 500 and 600 MHz. In order to obtain equilibrium, a 2.0 s
delay between repetitions of the pulse seguence for "C-R, measurements was employed,
while the delay for obtaining equilibrium during the measurement of C-R, was 6.5 s.
{'H}-"C steady-state NOEs were measured from two HSQC spectra acquired with and
without proton saturation prior to the first °C excitation pulse. Proton saturation at both
500 and 600 MHz was achieved using a train of 120° proton pulses with 5 ms pulse
intervals for a total 3.5 s of saturation. Relaxation delays of 2 or 5 ms between
repetitions of the pulse sequence were used in the experiments with and without proton

saturation, respectively.

4.2.2 NMR data processing

All NMR data were processed with the NMRPipe software (32). Enhanced sensitivity
data were processed using the ranceY.M macro. The F, (°C) dimension was extended by
64 complex points using linear prediction before zero filling. The F, (‘"H) dimension was
multiplied by a 60°-shifted sine-bell function and the F, dimension was multiplied by a
60°-shifted squared sine-bell function before Fourier transformation. The F, and F,
dimensions were baseline corrected by polynomial subtraction in the frequency domain.
The NMRView program (33) was used for peak picking of all "C-HSQC spectra. The
values of the peak intensities for the "C-R, and -R, measurements were fit to single-
exponential, two-parameter decay curves using the available NMRView rate analysis
scripts. Error in the PC-R, and -R, measurements was obtained from non-linear least-
squares fits of the peak intensities to two-parameter exponential decays. Error in the
{'H}-"*C NOE values was calculated from baseplane noise values in *C-HSQC spectra

acquired with and without proton saturation.
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4.3 Theory

The choice of the theoretical model that best fits the measured relaxation parameters can
be difficult, especially with a limited amount of data; in general the simplest model that
adequately describes the measured parameters should be used. In this paper, we decided
not to use the model-free approach for the analysis, but instead have chosen to interpret
the relaxation data using the rotational restricted diffusion model (34), which allows
coverage of a broad range of amplitudes and time scales around the , dihedral angle (4).
This model allows for free internal diffusion over a restricted range subject to boundary
conditions that limit the range of motion. Specifically, the "CB-"Hp bond vector moves

around 7, with an amplitude in the range -y, <y <Yy, (Figure 4.2).

% z
. HB O,
kY 7

Yoo,
! ¢

0C o NH

HsC OH

Hao

Figure 4.2: Restricted rotation of +y, around the Ca-Cp bond. The threonine side
chain is displayed as a Newman projection with the Ca in the back and the Cp in
the front. Rotation about the 7, angle is perpendicular to the plane of the page.

To examine the internal motion of the %, dihedral angle fully, "C-R, and R, relaxation
rates and the steady-state {'H}-"C NOE of the CH nuclei were measured. As mentioned
briefly in the introduction, ’C methine relaxation is caused by the dipolar interaction
with its directly attached proton and the chemical shift anisotropy and cross-correlation
between these two effects can safely be neglected (35). The expressions for the

relaxation rate constants “C-R, and R, and the heteronuclear NOE are given by Abragam

(36):

[J(e0y - @)+ 35(02c) + 65 (e, + e )] (D
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R, = [47(0) + Koy ~we )+ 3 (o) + 67(wy ) + 6(wy + @ )] (2)
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_ yﬂ[éj(wﬂ +o) - J{oy ~ wc)]
NOE=1+ 'ycgJ(wH ~we)+ 3 we)+ 67 (wy + wc)] )

where vy, Yc and wy, wc correspond to the gyromagnetic ratios and Larmor frequencies of
hydrogen and carbon, respectively, 4 is Planck’s constant and 1y is the C-H bond length

(1.10A).

For the restricted diffusion motion about ¥, in the range +y,, the correlation function is

given by London and Avitabile (34):

~Dpnlat

C(t) - Z%e—sm i iam(Emn(Yo))ze {410) @)

n==2 n=0

where D=1/t

The corresponding spectral density function is the Fourier transform:

H@)= 3 SanBunlre) —Z2— )

2 a0 1+(wr,,)

where E,, (Y,) is defined by:

M for n=0
myq
1 sin(myo -n %) +(- 1)n Sin(my" T %) for nz0 ©
V2 my,-n% MornE
4y
d : 7
and 7, 24Dy20+D,n2Jr2 (7

where D=1/67,. The constants are given by a,,=0.2961, a,;=0.1486 and 2,=0.1107 (4).

London and Avitabile (34) conclude for this model, that T, values provide a more useful
interpretive tool for internal motion in most cases. They also state that T, and the NOE
are valid only for diffusion coefficients where the free internal rotation calculation is in
reasonable agreement with the y,=180° calculation and when their behaviour with v, is
nearly monotonic, which criteria are satisfied for small proteins as used herein. Engelke
and Riiterjans (4) did not include T, values in the analysis of RNase T1 using this model,

deriving qualitative lower limits for the amplitudes of motion from NOE values and
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including T, in the quantitative analysis to determine the upper limits for the internal
correlation time. In the present paper, we will use both R, and R, relaxation rates as well
as the NOE to estimate the amplitude of motion y,. The simulations were performed
using the program Mathematica (37) using the equations described and the parameters

detailed in the following sections.

4.4 Results

4.4.1 PC-R,, -R,, and NOE data

C methine relaxation parameters for TmAFP were studied at two temperatures, 30 and
5°C. At 30°C, the high resolution of the spectra allowed for 53-60 of 74 non-glycine Ca
and 12-15 of 19 CP measurements at 600MHz. At 500 MHz, 50-54 Ca and 10-13 CB
resonances were used in the analysis. The values of "C-R,, -R, and NOE at 30°C as a
function of residue number are shown for the 500 MHz data in Figure 4.3 and the 600
MHz data in Figure 4.4. The C-R,, -R,, and NOE measurements for the two resonance
frequencies display similar profiles and restricted range of values. The R, values exhibit
the characteristic magnetic field strength dependence, since for proteins in the slow
tumbling limit, R, values are highly dependent on the rates of motion occurring at the
Larmor frequency (eq.1). The average R, *® over all Ca resonances is 2.07+0.34 57, and
R, is 1.48+0.17 s"". For the C resonances, R ;™ is 2.26+0.32 s and R, is
1.7240.31 5", The R, values in the slow tumbling limit are dominated by the zero
frequency value of the spectral density, J(0) (eq.2), and are therefore similar at the
different magnetic field strengths. The average R,,*® is 23.4+6.3 s' and R,,** is
20.7+5.1 57" For CB, the average R,g*" is 20.2+6.7 s and R,,*" is 18.2+6.4 5. The
NOE values are highly sensitive to fast internal motion on the picosecond time-scale and
the measurements are similar at the two field strengths. The average NOE_® is
1.15+0.25 and NOE_*® is 1.18+0.15. For the CB resonances, NOE;"” is 1.12+0.29 and
NOE,* is 1.250.16.
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Figure 4.3: Plots of "C-R,, PC-R,, and {"H}-""C NOE at 5060 MHz and 30°C with
individual error bars plotted for Ca (open circles) and C (filled circles).
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The lower resolution of the spectra at 5°C allowed for analysis of fewer resonances
because of increased spectral overlap. At 600 MHz, 39-43 Ca and 10-13 C could be
measured, while at 500 MHz 24-35 Ca and 12-13 Cp measurements were used. The
values of PC-R, and the NOE at 5°C are shown for the 500 MHz data in Figure 4.5 and
the 600 MHz data in Figure 4.6. Again, at the two different resonance frequencies, the R,
and NOE measurements display a similar profile and restricted range of values. The R,
magnetic field strength dependence is obvious, where the average R, is 1.37£0.30 s
and R, % is 0.98+0.36 5. For the CB, R;;™ is 1.25+0.23 s and R,;*" is 1.0220.31 5™
The NOE measurements at 5°C are quite similar to their measurements at 30°C, with an
average NOE,™ of 1.25+0.39 and NOE,* of 1.17+0.21. The NOE;™ is 1.3620.35,
while NOE,™ is 1.27+0.31.
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Figure 4.5: Plots of "C-R,, and {'H}-"C NOE at 500 MHz and 5°C with
individual error bars plotted for Ca (open circles) and C8 (filled circles).
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individual error bars plotted for Ca (open circles) and C8 (filled circles).

For the threonine and valine residues where both Ca and Cf could be measured, the R,,
R,, and NOE values of both resonances and their ratios (at 30°C and 600 MHz) are
displayed in Tables 4.1, 4.2 and 4.3, respectively.
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Table 4.1: Threonine and valine PC-R,
measurements at 600 MHz and 30°C

Residue  CaRi(s") CBRi(s?) Ri/Ry

Thr 3 1.41+0.02 2.21x0.02 0.64
Thr 9 1.56=0.03 1.44+0.04 1.09
Thr 12 1.38+0.02 1.53x0.05 0.90
Thr 16 1.37+0.02 1.45+0.02 0.94
Val 25 1.53+0.02 2.20+0.03 0.69
Thr 26 1.62+0.02 1.65+0.02 0.98
Thr 28 1.53+0.02 1.53x0.02 1.00
Val 34 1.28+0.02 2.09+0.03 0.61
Thr 40 1.34+0.02 1.49+0.03 0.90
Thr 47 1.23+0.03 2.20=0.02 0.56
Thr 52 1.60+0.03 1.67+0.02 0.96
Thr 62 1.34+0.02 1.27+0.03 1.06
Thr 64 1.20+0.02 1.45+0.03 0.83
Thr 67 1.55+0.02 1.80+0.03 0.86
Thr 73 1.30+0.02 1.61+0.02 0.81
Average 1.42 1.71 0.86
St. Dev. 0.14 0.32 0.16

Table 4.2: Threonine "C-R, measurements at

600 MHz and 30°C
Residue CaRy(s") CBR:(s") Ryy/Ry

Thr 3 26.10£0.70  17.55x0.55 1.49
Thr 9 16.73£0.67  23.88x1.19 0.70
Thr 16 19.39x0.77  21.9720.78 0.88
Thr 28 17.4320.67  16.27+1.03 1.07
Thr 47 19.99x0.65  12.05+0.45 1.66
Thr 52 23.74x0.71  14.61:0.84 1.63
Thr 62 26.84x0.79  33.82x1.26 0.79
Thr 64 19.45£0.72  15.4620.78 1.26
Thr 67 18.04=0.62  13.180.51 1.37
Thr 73 26.70x0.60  21.05+0.68 1.27
Thr 76 25.28+0.66  18.630.76 1.36
Average 22.11 17.89 1.35
St. Dev. 3.81 6.29 0.44
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Table 4.3: Threonine and valine NOE measurements

at 600 MHz and 30°C
Residue Ca NOE CBNOQOE NOEo/NOEf
Thr 3 1.3520.06 1.07=0.05 1.26
Thr 9 1.28x0.07 1.30+0.06 0.98
Thr 12 1.28+0.09 1.33+0.13 0.96
Val 25 1.50+0.06 1.34x0.05 1.12
Val 34 1.24+0.05 1.35+0.07 0.92
Thr 40 1.31+0.06 1.30+0.08 1.01
Thr 47 1.13+0.07 1.52+0.05 0.74
Thr 62 1.1320.06 1.25x0.09 0.90
Thr 67 1.09+0.05 1.19+0.05 0.92
Thr 73 1.0320.04 0.86+0.06 1.19
Average 1.23 1.25 1.00
St. Dev, 0.14 0.18 0.15

4.4.2 Estimation of the overall correlation time

The overall rotational correlation time (1) of TmAFP in D,O was calculated with a grid
search to find the minimum in the squared difference measured and calculated R,/R,
ratios of the Co resonances using an in-house written program (38). The calculation of <,
was optimized using those residues that do not display obvious signs of relaxation active
mobility using the criteria of Tjandra et al. (39, 40). The R,/R, ratios of the selected
residues should be dependent only on the global reorientation of the molecule, assuming
negligible internal mobility and exchange. The global t, was then calculated on a per
residue basis using the spectral density for isotropic rotational diffusion and the results
averaged. A global T, of 4.5 ns at 600 MHz was obtained at 30°C. This value is slightly
higher than the <, of 4 ns obtained from the N relaxation data (24), but is fully consistent
with the increase in viscosity (1)) of D,O compared to H,QO. The value of 2% at 30°C is
0.797 cP, while n°*°=0.976 cP (41), with a ratio of 1% *°=0.82. The ratio

7% P*°=0.89, a value comparable to the ratio of the viscosities, indicating that the

increase is attributable to the D,O solution.
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4.5 Discussion

In TmAFP we found that the ©,”*° calculated using the backbone CoH resonances was
nearly equivalent to that measured previously from "N relaxation of NH vectors,
allowing for the increased viscosity of D,O. This indicates that the data from the two
studies can be compared directly and that the CaH bond vectors are similarly rigid.
Overall, it appears that the main chain CaH vectors behave in an analogous fashion to the
restrictive motions of the backbone amide vectors. By comparing data from the CaH to
the CPH at 30°C, it is clear that in general the average values of R, R, or NOE are not
significantly different and are within the error limits over the whole range of
measurements. In particular, for the threonine and valine residues that have both the
CaH and CBH values measured from the same side chain, the calculated ratios shown in
the tables indicate an overall restriction of motion for the CBH with respect to the CaH.
Despite the fact that all of the threonine and valine side chains are presented on the
surface of the protein, for most of the residues we do not observe increasing flexibility in
the measurements towards the end of the side chain. It appears that for the threonine
residues in TmAFP, the CP resonances are as rigid as the backbone and can be
considered functionally as part of the backbone. The dominant restriction to this motion
may be the favourable hydrogen bonding interactions that can be formed between the

threonine side chain and the rigid backbone.

Theoretical plots for the R, R, and NOE as a function of y, at various internal correlation
times are shown in Figures 4.7, 4.8 and 4.9, respectively. These were calculated using
the spectral density function in equation 5, where T, is assumed to be 4.5 ns. Although
from the "°N relaxation data analysis we determined that TmAFP undergoes axially
symmetric anisotropic rotation, here we do not include anisotropic overall reorientation in
the calculations. All calculations were performed using a T, of 4.5 ns, the 30°C
correlation time. At this temperature, the effects of axially symmetric rotation are not as
pronounced as at 5°C. However, the conclusions at 30°C are also valid for the data at

5°C, as on examination of the raw R, and NOE data presented in Figures 4.5 and 4.6, it is
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clear that the CB values are again in the same range as the Co values. Therefore the

discussion that follows can be extended to the data at both temperatures.
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i) Ei 20 30 40

v, {degrees)

Figure 4.7: Calculated graph of PC Ry/R . V8 Y, at four internal correlation times
(t=10", 107, 10", and 10", from top to bottom), where R, is the longitudinal
relaxation rate in the absence of internal motion.

0% \

R/,

4 Fac 29 30 L34

v, {degrees)
Figure 4.8: Calculated graph of "C R,/R,,q VS Y, at four internal correlation times

(x=107, 10, 10", and 10™?, from botiom to top), where R, 1s the transverse
relaxation rate in the absence of internal motion.
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Figure 4.9: Calculated graph of {'H}-"C NOE vs v, at four internal correlation
times (1=107°, 107, 10", and 10", from top to bottom).

The results for R/R e Ro/Rogic and NOE as a function of y, and corresponding to the
values of D, and D, specified are summarized in Figure 4.7, 4.8 and 4.9, respectively.

The values for each parameter are calculated out to y=40°. These results indicate that the
relaxation parameters display very little dependence for smaller angles of displacement
about the y, angle. For the R, R, and NOE measﬁrements of TmAFP, the values
obtained indicate that the threonine side chains undergo restricted motions, corresponding

toy, < 25°.

4.6 Conclusions

Using a combination of experimental heteronuclear relaxation rates at °C natural
abundance and rotational diffusion model calculations, we have demonstrated that the
threonine side chains of the Tenebrio molitor antifreeze protein do not undergo
significant motion about the x; dihedral angle. This result agrees with our previous study
of i, angles by examination of *J,; coupling constants. In that study we observed that

most of the threonine residues (including all of the ice-binding threonines) adopted
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specific rotameric conformations and did not experience a significant amount of
rotameric averaging. Furthermore, by using heteronuclear relaxation measurements, we
have identified that the restriction of motion occurs on the pico- to nanosecond time scale
of bond vector and librational motions. It was not possible to make this conclusion on
the basis of motionally averaged J couplings, which can arise from a combination of fast
and slow time scale motions. The rigidity of the side chains in this small, B-helical
protein is likely important for its ice binding activity, as it may reduce the entropic barrier

for binding to a flat surface.
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CHAPTER 35: The Temperature Dependence of Amide Proton Chemical Shifts

5.1 Introduction

The chemical shift of a nucleus has been recognized for many years as a sensitive
indicator of molecular conformation, composition, and environment. In proteins, 'H, °C,
and N chemical shifts are all used to provide information about the environment of a
particular nucleus, but the complexity of biomolecular systems has made a complete
understanding of the basis for protein chemical shifts elusive. Proteins have long been
noted to have a wide dispersion of chemical shifts relative to random coil reference data
(I). In particular, chemical shifts are exquisitely sensitive to the protein secondary
structure and the noted trends are used to deduce preliminary structural information (2).
Upfield shifts for nuclei in a-helical conformations and downfield shifts for nuclei in -
strand and extended conformations are seen for o- and amide 'H, a- and carbonyl °C,
and amide °N chemical shifts (2). The relationship between secondary structure and

amide chemical shifts is probably the least well-understood of these.

The dependence of the chemical shift of amide proton resonances on temperature
however, has been known for many years (3). The general trend is that the amide protons
experience an upfield shift upon warming, described as a negative temperature
coefficient, This effect has been rationalized as a weakening of hydrogen bonding with
increased temperature (4). In a hydrogen-bonded amide, the carbonyl hydrogen bond
partner causes a downfield shift of the amide resonance. With the lengthening of the
hydrogen bond caused by increased temperature, the amide proton is less downfield
shifted, resulting in a relative upfield shift. Therefore, solvent exposed amides will
experience a more rapid upfield shift upon warming owing to the decrease in
intermolecular versus intramolecular hydrogen bonding (5). This has led to the widely
used practice of attributing temperature gradient (AS/AT) values less negative than ~ —4
to —4.5 ppb/°C to the sequestration from solvent of the amide proton. However, this
appears to be an oversimplified approach, and other factors including the chemical shift

deviation (CSD) of the resonances from random coil values and the degree of structuring
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of the protein or peptide of interest (5) must be included in the analysis. For example,
Baxter and Williamson (6) have shown that taking exchange data into consideration with
temnperature gradients increases the reliability of determining hydrogen bonding, while
Andersen et al. (5) have demonstrated the utility of correlation plots of NH-CSD versus
AS/AT. Although it has been noted that hydrogen bonded amides in rigid proteins are
usually characterized by AS/AT values of -2.0+1.4 ppb/°C and exposed amides are more

negative, numerous exceptions exist (5).

We have applied this analysis to the amide protons of the B-helical antifreeze protein
from the beetle Tenebrio molitor (TmAFP). We have previously studied the "N
backbone dynamics of TmAFP and have shown that it is a rigid protein that displays
restricted internal motions throughout at both 30 and 5°C (7). In the process of assigning
the "N HSQC spectrum at 5°C for the analysis of "N relaxation, we noticed some
interesting patterns of the temperature gradients and chemical shifts with decreasing

temperature and decided to pursue these observations further.

TmAFP is a small (8.4 kDa), highly disulfide-bonded right handed p-helix (Figure 5.1).

Figure 5.1: TmAFP ribbon structure (PDB 1EZG; 8) with ice-binding threonines
displayed in ball-and-stick representation and coloured blue. The eight disulfide
bonds are coloured red, and the inward-facing serine and alanine residues that line
the inside of the coil are also displayed in ball-and-stick representation and
coloured light blue and green, respectively. Figure prepared using Molscript (9)
and Raster3D (10).
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Both the solution (7) and crystal (8) structures have been solved and have provided
complementary observations. From the NMR studies, information about the rigidity of
the backbone and side chain conformations (/7) has been gained, while the crystal
structure provided detailed insight into the unique hydrogen bonding network with
external water molecules that mimic a layer of ice (8). This study of the amide proton
chemical shifts and temperature gradients supports the previous conclusions that the ice-
binding face is rigid, and provides more information on the unique structure and

behaviour of this unusual protein.

5.2 Experimental Procedures

5.2.1 NMR spectroscopy

The “N-labeled TmAFP sample used was that previously described (7). The sample was
prepared for NMR spectroscopy by dissolving the lyophilized protein in 90% H,0 / 10%
D,0O containing 0.1 mM DSS (2,2-dimethyl-2-silapentane-5-sulfonic acid). The final
protein concentration was approximately 0.4 mM, and the pH was adjusted to 5.5 with
microliter aliquots of 100 mM NaOD or DCl as required. A series of 'H-"N HSQC
spectra for the temperature range of 30°C to 5°C were collected in 5°C decrements. The
spectra were acquired under identical conditions using a Varian Unity 600 MHz
spectrometer equipped with a 5 mm triple resonance probe and z-axis pulsed field
gradients. After each temperature change, the sample was allowed to equilibrate for 45
minutes. Each spectrum was correctly referenced to DSS by collecting a 'H-1D spectrum
at each temperature using the same 'H spectral width as for the HSQC. The spectral
width for "H was 7000.35 Hz and for N was 1897.89 Hz. The number of real data
points acquired for "H and "N were 436 and 128, respectively, with a total of 64
transients collected. The NMR data was processed and displayed using VNMR 5.3
software on a Sun workstation. The F, ("H) dimension was multiplied by a 60°-shifted
sine-bell function and the F, dimension was multiplied by a 90°-shifted squared sine-bell

function before Fourier transformation,
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5.3 Resuits and Discussion

The "N HSQC spectra at the six temperatures are shown in Figure 5.2. As the sample is

cooled to 5°C, the amides display the typical downfield shift.
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Figure 5.2: Plot of the "N HSQC spectra displayed as a function of temperature.
The 30°C spectrum is plotted with 10 contours, the remaining spectra are plotted
with 1 contour at 5°C intervals down to 5°C. The amide resonances are labeled
with their assignments, those labeled with a * are Asn and Gln side chain NHs.

Upon closer inspection it was noted that some residues moved very little or not at all. For
example, note T28, T40, T52 and T64 near the middle of the spectrum or N29 in the
bottom left corner. Therefore, we plotted the changes in chemical shift of the individual
residues on the TmAFP protein surface (Figure 5.3) to determine if any overall pattern

emerged.
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Figure 5.3: The change in amide chemical shifts from 30°C to 5°C mapped on
the TmAFP surface (PDB 1EZG). Figure prepared with Insightll.

It immediately became obvious that the threonine residues on the ice binding face of the
protein experience very little change in chemical shift as the temperature is lowered. The
behaviour of the surrounding residues varies much more widely. Some residues such as
N29 also change little, while others, including A 14, T16 and other residues adjacent to
the threonines do change noticeably. For example, the cysteine residues forming the
TCT motif of the ice binding face have much more negative temperature gradients than

the threonines they separate.
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Table 5.1: NE Shift Deviations and Temperature

Gradients for TmAFP
Residue NH shift NH AYAT
deviation {ppm) (epb/°C)

N68 -0.36 -10.64
C81 -0.30 -9.92
G5 -0.51 -8.44
578 0.42 -8.04
C75 0.52 -7.88
G83 0.34 -7.12
Al4 0.24 -6.72
D7 -0.27 -6.36
K35 0.49 -6.24
S10 -0.08 -5.28
G4 -0.16 -5.12
A6 0.07 -4,80
T3 -0.60 -4.,76
N23 0.53 -4.68
T47 0.95 -4.64
G830 0.47 -4.64
K71 1.38 -4.16
T43 -0.16 -4.08
C8 0.16 -4.08
N37 0.99 -3.88
Ti6 1.02 -3.52
V25 -0.07 -3.48
Ci5 0.30 -3.44
N77 -0.62 -3.40
C63 0.72 -3.28
V34 -1.07 -3.16
C69 -0.26 -3.04
C27 -0.23 -3.00
C39 -0.23 -2.84
A72 -1.04 -2.76
Ti2 -0.22 -2.76
C51 0.09 -2.76
Q49 0.59 -2.72
C57 -1.06 -2.68
T67 -0.28 -2.68
C21 -0.03 -2.56
Ds6 -0.27 -2.48
N61 0.27 -2.40
C45 -0.91 -2.490
N33 0.86 -2.28
G19 0.02 -2.24
N46 -0.56 -2.20
D44 -0.28 -1.96
AT74 -0.61 -1.80
T76 0.53 -1.76
E59 0.30 -1.72
G13 -1.01 -1.68
C1i -0.54 -1.68
C18 -0.27 -1.56
N20 -1.85 -1.52
542 -0.31 -1.52
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Table 5.1
{continued)
Residue NH shift NH AYAT
deviation (ppm) (ppb/°C)
566 0.17 -1.48
S79 -0.19 -1.40
530 -0.14 -1.40
554 0.01 -1.40
D65 0.37 -1.40
K55 -0.34 -1.32
A36 -1.41 -1.24
T26 -0.52 -1.24
T62 -0.76 -1.20
Q31 -0.86 -1.08
Y70 -1.65 -1.00
AG0 -1.38 -1.00
A24 -1.58 -1.00
T73 -0.13 -0.92
T52 0.28 -0.84
A48 -1.55 -0.68
F58 -1.84 -0.64
T40 0.35 -0.60
C33 -0.67 -0.48
T28 0.20 -0.40
G41 0.26 -0.40
T64 0.16 -0.36
T38 -1.04 -0.20
T30 -1.04 -0.20
G17 -0.18 -0.20
N29 0.63 -0.12
T9 0.53 0.64
H32 -1.02 1.72

The temperature gradients (ppb/°C) for each residue are shown in Table 5.1, which
displays both the CSD and A8/AT and is sorted by the value of the temperature gradient.
To illustrate the previous result, the temperature gradients for the threonine and cysteine
residues in the TCT repeats of the four central loops were separately averaged. For the
left hand rank of threonines (T28, T40, T52, T64) the average is —0.55 ppb/°C, and for
the right hand rank of threonines (T26, T38, TS50, T62) it is —0.71 ppb/°C. In contrast, for
the cysteines between these threonines (C27, C39, C51, C63), which form intraloop
disulfide bonds, the average was —2.97 ppb/°C. We also observe that the inward-facing
alanine and serine residues that line the right and left sides of the protein core
respectively (Figure 5.1), also cluster in the temperature gradient table and have less
negative values. The average for the alanines (A24, A36, A48, A60) is —0.98 ppb/°C and
for the serines (S30, S42, S54, S66) is —1.45 ppb/°C.
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Using the general practice of assuming that AS/AT values less negative than —4 ppb/°C
indicate NH sequestration from solvent would suggest that all of these residues are
therefore participating in hydrogen bonds and are protected. However, by plotting the
data in a correlation plot of amide proton CSD versus AS/AT (5) a very different
conclusion is reached. The CSD values are calculated at the lowest temperature of the
experiment as d,,, — 8,.;, so that upfield shifts relative to the random coil chemical shift
are recorded as negative CSD values. The reference random coil values used are those of
Andersen et al. (5), with the specified correction for temperature of ~7.6 ppb/°C (12 to
adjust the reference values to 5°C. As devised by Andersen et al. (5), the plot is
formatted with NH shift deviation on the x-axis with downfield NH resonances to the left
as in an NMR spectrum. The temperature gradient (y) axis is oriented so that amides
which experience larger upfield shifts upon warming are at the top of the graph. Figure
5.4 shows the data for TmAFP plotted in this fashion. In this plot, points appearing
toward the lower left represent downfield NHs which do not shift rapidly; these are likely

to be intramolecularly hydrogen-bonded sites.

12 )

-10

NH AYAT (ppb/C)

1.500 LO00 0.300 0.000 -0.500 -1.000 -1.500 -2.000

WH shift deviation {ppm)

Figure 5.4: Amide CSD — AS/AT correlation for the NHs in TmAFP. The line
corresponds to AY/AT =-2.97 - (CSD ¢ 2.19) as used in reference 5. The circles
are coloured for residues as in Figure 5.1 and discussed in the text.
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The cutoff line used corresponds to one used by Andersen et al. (5) to provide “superior
discrimination” between exchange-protected and exposed amide protons. With this plot,
we re-examine the results for the previously discussed residues. First, the TCT ice-
binding motif, for which there is little change in the chemical shift of the threonines over
the 25°C temperature range measured. An interesting observation regarding the CSD for
these threonines is noted; although both ranks of threonine have similar values of AS/AT,
they experience different directions in chemical shift relative to the random coil values.
The threonines in the left rank (T28, T40, T52, T64) have an average CSD of (.25 ppm
downfield and are well within the area of the plot corresponding to high potential
hydrogen bond formation as marked by the leftmost blue circle. However, the threonines
in the right hand rank experience an average upfield shift of ~0.84 ppm relative to
random coil values, putting them on the edge of the designated line and marked as the
right hand blue circle, at which point conclusions regarding the hydrogen bonding state of
these residues cannot necessarily be made. The cysteine residues between the two ranks
of threonine also do not appear to be hydrogen bonded; though they have a —2.97 ppb/°C
temperature gradient, they also tend to cluster around a CSD value of approximately —0.2

ppm as designated by the red circle.

The amides of the serine residues have values quite close to the random coil values,
therefore the CSD is small and with the —1.45 ppb/°C AS/AT value as shown by the light
blue circle in the plot, they also appear to be participating in intramolecular hydrogen
bonds. In the TmAFP crystal structure (8), the serine NH forms an intraloop hydrogen
bond to stabilize the tight y-turn. The alanine residues, on the other hand, which have an
amide AS/AT value of —0.98 ppb/°C, are shifted very far upfield, approximately —~1.5 ppm
from the random coil values and designated by the green circle. This may be explained
by the environment surrounding these residues, which is a constrained B-turn requiring
very restrictive backbone dihedral angles. Accordingly, from Figure 5.4, they appear not
to participate in intramolecular hydrogen bonds. A similar observation for a serine with a
temperature gradient of approximately —1.5 ppb/°C and a strong upfield shift in a non-
hydrogen bonded amide was made in ubiquitin (/3). In the crystal structure of TmAFP,

the alanine-containing channel also contains five internal water molecules spaced
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regularly between the loops (8). These internal waters form hydrogen bonds to three
residues each, including the alanine NH. Hydrogen bonding to internal water molecules
is likely not as stable as intramolecular hydrogen bonding to other atoms in the protein,
since they could be labile, allowing rearrangement of the hydrogen bonding network.
This may contribute to the behaviour of these alanines in the temperature coefficient and

CSD correlation plot.

5.4 Conclusions

Overall, a significant portion of the residues in TmAFP appear to be intramolecularly
hydrogen bonded. This result is in agreement with expectations for parallel f-sheet
structure, which should contain numerous interstrand hydrogen bonds. Several
interesting deviations were noted, particularly for the alanine residues. These results may
be explained by the unique environment of the alanines in this highly constrained
structure as well as by the participation of internal water molecules in the hydrogen
bonding network. The threonine residues of the ice-binding face likely form
intramolecular, interloop hydrogen bonds to help stabilize the flat surface, although there
appear to be slight differences manifest as chemical shift changes between the two ranks

of threonine residues.

5,5 References

1. Wiithrich, K. (1986) NMR of proteins and nucleic acids. John Wiley & Sons, New
York.

2. Wishart, D.S., Sykes, B.D., and Richards, F.M. (1991) J. Mol. Biol., 222, 311-333.
3. Ohnishi, M. and Urry, D.W. (1969) Biochem. Biophys. Res. Commun., 36, 194-202.

4. Llinds, M. and Klein, MLP. (1975) J. Am. Chem. Soc., 97, 4731-4737.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



94

5. Andersen, N.H., Neidigh, J.W., Harris, S.M., Lee, G.M., Liy, Z., and Tong, H. (1997)
J. Am. Chem. Soc., 119, 8547-8561.

6. Baxter, N.J. and Williamson, M.P. (1997) J. Biomol. NMR, 9, 359-369.

7. Daley, M.E., Spyracopoulos, L., Jia, Z., Davies, P.L., and Sykes, B.D. (2002)
Biochemistry, 41, 5515-5525.

8. Liou, Y.-C,, Tocilj, A., Davies, P.L., and Jia, Z. (2000) Nature, 406, 322-324.
9. Kraulis, P.J. (1991) J. Appl. Crystallogr., 24, 946-950.

10. Merritt, E.A. and Bacon, D.J. (1997) Methods Enzymol., 277, 505-524.

11. Daley, MLE. and Sykes B.D. (2003) Protein Sci., 12, 1323-1331.

12. Merutka, G., Dyson, H.J., and Wright, P.E. (1995) J. Biomol. NMR, 5, 14-24.

13. Cierpicki, T., Zhukov, 1., Byrd, R.A., and Otlewski, J. (2002) J. Magn. Reson., 157,
178-180.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



95

CHAPTER 6: General Conclusions

The amazing structural diversity of AFPs and the question of how they attain the same
function intrigues both evolutionary and structural biologists. The multiple evolutionary
origins of AFPs have been confirmed by the identification of the progenitors of several
fish antifreezes (/). These precursors are divergent proteins of guite unrelated functions.
As well, the distribution of different types of AFPs does not coincide with the
evolutionary relationships of the fish (2). For example, Type II AFP, a homologue of the
carbohydrate recognition domain of Ca**-dependent lectins, is found in three distantly
related fishes (sea raven, herring, and smelt), whereas two very closely related fishes
(shorthorn sculpin and longhorn sculpin) from the same genus produce completely
unrelated Type I and Type IV AFP (3). This implies that the selective force of sea-level
glaciation is a recent phenomenon and that the threat of freezing that forced the fish to
adapt occurred after the present sub-orders, families and genera were established.
Therefore a number of very dissimilar proteins were adapted to the function of binding
ice (2). The insect AFPs provide a remarkable example of convergent evolution since
they are both f-helices, but are not homologous. TmAFP is right-handed with 12 amino
acid residues per loop, while sbwAFP is left-handed and has 15 amino acids per loop.
The two proteins have completely different disulfide bonding patterns as well, yet their

ice-binding surfaces both contain a virtually superimposable array of threonine residues.

However, with this knowledge we still have not answered the question of whether all
these diverse AFPs are operating by the same mechanism. The ability to bind ice
suggests that these proteins must have some shared properties that enable them to
perform their common function, however these may be obscured by the large structural
differences. Typically, AFPs have been divided into two broad classes, those that are
repetitive and those that are not (/) (Table 1.1 summarizes the repeat patterns). The Type
I and insect AFPs provide the clearest examples of repetitive sequence and structure and
are consistent with a lattice matching model for ice binding. The non-repetitive Type Il
and Type III AFPs however, do share one aspect of their development as both of these

have evolutionary precursors that interact with carbohydrates. For Type IT AFP, it is the
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previously mentioned carbohydrate recognition domain of C-type lectins, while for Type
IIT AFP it is sialic acid synthase (4). Despite these differences in structure and
evolutionary origin, I will argue that all AFPs do function by a similar mechanism

directly related to protein stability and dynamics.

As has already been mentioned, TmAFP is the smallest 3-helix yet seen in proteins, with
only 12 amino acids per loop. Because of this, it has no hydrophobic core and is held
together by eight disulfide bonds and extensive hydrogen bonding interactions. This
causes difficulty in folding the recombinantly produced protein, which led us to examine
the folded state of the protein by NMR (see Appendices B-E). However in my
experience handling this protein, once TmAFP is in the correctly folded conformation it
is extremely stable. For instance, the unlabeled Tm 2-14 used for experiments described
in Chapters 2, 3, and 4 and Appendices B and C is the same sample I first received in
November 1998 and the quality of the spectra obtained has been exceptional at all times
over these five years. This leads me to believe that the B-helix is an intrinsically stable

fold and provides an ideal scaffold on which to build an ice binding face.

The "N and "“C backbone dynamics experiments indicate that TmAFP undergoes
restricted internal mobility throughout the backbone at both 30°C and 5°C. The
backbone dynamics of the sbwAFP have also been recently studied (5). The sbwAFP is
observed to become more rigid as the temperature is lowered toward the physiological
temperature. This study supports the observation with TmAFP that the B-helix is a very
stable structure and that the protein rigidity may serve to provide a better lattice match to
the flat ice surface that it binds. The rigid and repetitive structural elements can ensure
the correct positioning of the required protein constituents. We also suggest that this
hydrophobic binding site and its rigidity would reduce the entropic penalty for binding to

ice.
The conservation of hydrophobic interactions in the ice-binding interface has been an

interesting development in the AFP mechanism. The mutations of the threonine residues

in Type I AFP 1o serine and valine showed that neither the hydroxyl group nor the methyl
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group alone was sufficient to confer full ice binding activity. The valine mutants had
greater activity, leading to the first suggestions that hydrophobic contacts were more
important (6-9). Type I AFP has undergone a further revision of its ice binding face with
the realization that conserved alanine residues adjacent to the threonine residues were
equally responsible for conferring ice binding activity (/0). In combination with work
identifying the ice-binding surfaces of Type Il AFP (17), sbwAFP (/2), and TmAFP (13;
see Appendix C), a few features common to the ice-binding faces can be noted. First,
side chain mutations that either lengthen the side chain and sterically block the AFP-ice
interaction or that shorten the side chain leaving a cavity in the ice-binding surface are
deleterious. Second, these mutations are tolerated elsewhere on the protein. Third,
hydrogen bond formation between polar side chains and ice may occur, but is limited in
strength and number by the tight packing of side chains in the interface. All of this data
supports a universal ice-binding mechanism that is emerging in which each AFP is
shaped in such a way that a significant portion of its surface area can dock to ice. This
interaction is specific to the ice surface that it binds and provides intimate surface-to-
surface complementarity. Overall, the hydrogen bonds may serve to orient the protein on
the ice, while hydrophobic residues protect these (/) and provide the van der Waals
interactions that keep the protein bound and prevent the entrance of water molecules into

the interface.

Clearly the dynamics of these side chains in the interface play an important role in the
energetics of the interaction. We have addressed the side chain dynamics in two separate
studies. Measured C relaxation parameters for CB of the threonine residues indicated
that these side chains experience a restricted range of motion on the picosecond to
nanosecond time-scale of bond vector and librational motion. As well, we have shown
that the threonine residues on the ice-binding face adopt a preferred ¢, of -60° and that
this preference increases as the temperature is lowered. The threonines not on the ice-
binding face do not display this preferred conformation. This suggests that TmAFP
adopts a rigid preformed ice binding structure in solution prior to recognition of the ice
surface. Since the side chains do not have to reorient themselves prior to ice-binding, this

reduces the entropic barrier for binding to a flat ice surface. We have also noted that the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



98

conformational preference of threonines on the TmAFP ice-binding face is lowered by
mutation of neighbouring threonine residues to serine or valine. We suggest thisis a
result of an overall destabilization of the threonine array, which diminishes the necessary
surface complementarity. The regularity of the threonine array is crucial for promoting
ice binding. The extensive hydrogen bonding between successive -strands helps
stabilize the flat protein surface, prevents large-scale motions, and provides one of the

dominant restrictions to motion of the ice-binding face.

Some implications of this work include experimental support for the hypothesis of
surface complementarity as a key to the mechanism of ice binding by AFPs. We have
shown that an indirect probe of the AFP-surface interaction, such as solution NMR
spectroscopy, can provide detailed and valuable information to the study of AFP
mechanism. Furthermore, the computational docking and molecular dynamics
simulations which have been attempted on the AFP-ice interaction (/4) will be improved

by the inclusion of rigid side chains in the interface.

In terms of future work, I think the structure of an AFP bound to ice is an achievable goal
and would provide great insight. Recent and ongoing work on solid-state NMR in our
laboratory has shown that it is possible to obtain ?C-CP/MAS spectra of a Type I AFP
frozen in ice (/5). This study indicates that the secondary structure remains intact upon
freezing as the "Ca chemical shift of A17 remains at a value consistent with o-helical
structure. However in this case, the AFP was flash frozen and completely overgrown in
ice, and repeated cycles of freezing and thawing resulted in amyloid fibril formation. A
look at an AFP frozen to ice in a physiological ice growth inhibition context using solid-

state NMR would be invaluable.

Recent experiments describing the measurement of protein dynamics in supercooled
water also interest me greatly (/6-18). In these studies, the use of capillaries allows the
sample to be supercooled to approximately —16°C (/7). Even with the long overall
rotational correlation time, heteronuclear NMR experiments could be successfully

performed (/6). This has allowed an examination of N relaxation of supercooled
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ubiquitin at ~13°C and revealed slow motional modes on the microsecond time-scale
(18). It would be quite feasible to study AFPs under these conditions since they
supercool very well. 1 have measured a one-dimensional spectrum of TmAFP at -12°C
in a simple 5 mm O.D. medium-walled tube (Chapter 3) and sbwAFP has been measured
t0 —8°C (5). 1 am certain that supercooling to at least —20°C would be achievable for
these proteins and may yield further insight into their behaviour at these physiological

temperatures.

Finally, I think comparison of the dynamics of more AFP types will be very informative.
Studies with spruce budworm AFP have already confirmed my hypothesis that rigidity is
important to ice-binding activity. Therefore, to show that fish AFPs indeed function by
the same mechanism, demonstration of their rigidity would strengthen the conclusions

already reached by the mutagenesis experiments.
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Appendix A: Chemical shift assignments of TmAFP”

Table A.1: Resonance assignments for the Tenebrio molitor antifreeze protein
Residue N (ppm) HN Ca Ha Hp Side chain (ppm)
(ppm)  (ppm)  (ppm) _ (ppm)

1. Gln
2. Cys 54.8 4.92
3. Thr 114.1 7.80 60.5 5.29 4.14 CB-70.4
Hyx - 1.15
4. Gly 1119 8.14 4.00
4.16
5. Gly 103.2 7.71 4.01
4.21
6. Ala 1209 8.31 53.2 4.47 1.44
7. Asp 115.1 8.12 55.0 495 2.60
2.92
8. Cys 125.8 8.55 57.6 5.19 3.32
4.26
9. Thr 122.1 8.85 55.3 4.67 3.64 Cp-69.1
Hy* - 1.18
10.Ser 111.0 8.20 59.0 4.22 3.97
4.05
11.Cys  120.7 7.91 57.8 4.44 3.63
3.71
12. Thr 121.1 8.07 61.2 4.717 4.67 Cp-684
Hy* - 1.16
13.Gly 1120 7.37 3.52
4.63
14. Ala  130.5 8.43 50.6 4.82 1.13
15.Cys 126.6 8.70 55.3 5.34 3.64
3.73
16. Thr 1227 9.23 60.9 5.27 3.96 Cp-714
Hys= - 1.13
17.Gly 1148 8.25 3.89
4.29
18.Cys 1185 8.18 53.1 5.27 2.38
3.39
19.Gly 109.2 8.40 3.88
4.28
20. Asn  113.1 6.66 54.8 4.87 3.06 Ny-111.4
3.14 Hy, - 6.63
Hy,-7.44
21.Cys 123.1 8.40 56.2 5.21 3.38
3.70
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22.Pro

23. Asn
24. Ala
25. Val
26. Thr
27.Cys
28. Thr

29, Asn

30. Ser
31. Gln
32. His
33. Cys
34. Val
35. Lys
36. Ala
37. Asn
38. Thr
39. Cys
40. Thr

41. Gly

115.2

124.6

115.6

113.4

120.9

120.3

128.9

112.2

116.8

114.8

119.7

111.8

121.9

125.1

117.0

112.6

122.8

119.6

122.1

8.96

6.76

8.08

7.74

8.19

8.49

9.18

8.24

7.53

7.52

7.80

7.09

8.68

6.92

9.44

7.26

8.19

8.64

8.68

61.3

52.9

33.5

63.6

61.2

553

61.8

54.0

58.3

54.0

58.9

65.0

55.9

53.1

55.2

61.5

55.1

61.5

5.08

5.03

4.02

4.34

4.97

5.20

5.19

5.01

5.49

5.15

4.72

4.84

4.32

4.39

4.16

4.86

5.03

5.28

543

4.23
4.67

2.67
2.73

243
271

1.66
2.23

3.97

3.44
3.64
3.97

2.82
3.10

3.22
4.49
1.33
1.88
3.58
371
3.00
3.84
2.37

1.60

1.31

2.95
3.02

3.95

3.31
3.67
4.02

Hy, -2.64
Hy, - 2.68
H9, - 3.64
HS§,-3.73
Ny-116.8
Hy, - 7.27
Hy, - 8.13

CB-72.5
Hy* - 1.07
CB-70.8
Hy* - 1.19

CB-70.8

Hy* - 1.12
Ny-111.8
Hy, - 6.78
Hy,-7.64

Hy* - 2.18

CB-71.7
Hy* - 1.04
Hy* - 1.39
Ho* - 1.84
He* - 3.06

Ny-113.3
Hy, -7.02
Hy, - 7.84
CB-71.8
Hy* - 1.18

cp-71.7
Hy* - 1.24
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42, Ber
43. Thr

44. Asp
45. Cys

46, Asn
47, Thr
48. Ala
49, GIn
50. Thr
51.Cys
52. Thr

53, Asn

54. Ser

55. Lys

56. Asp
57.Cys

58. Phe

59. Glu

60. Ala
61. Asn

62. Thr

63. Cys

112.9

109.3

116.6
1183

115.4
106.7
127.8
118.3
112.4
123.5
119.0

130.4

111.3

118.1

118.9

119.8

116.2

113.3

125.3
117.0

115.2

124.6

8.06

8.04

8.22
7.52

7.94
9.13
6.80
8.94
7.26
8.51
8.56

9.30

8.39

7.96

8.22

7.37

6.54

8.68

6.96

8.76

7.51

9.13

59.1

544

55.6
65.9
534
56.8
61.5
549
61.7

54.0

58.1

53.3

55.1

56.9

54.9

58.2

54.0

53.6

61.3

55.0

5.97

4.71

4.03
4.72

4.22
4.92
4.54
4.52
5.03
5.13
5.02

5.29

5.72

5.16

3.68

4.79

4.68

4.54

4.41
4.97

5.39

5.38

3.16
4.23
4.35

2.80
2.76
3.55
2.55
3.24
4.35

1.25
2.26
3.95

3.18
3.76
4.04

2.76
3.16

3.13
4.01
1.63

1.82
2.35
2.78
3.93
3.28
3.68

1.50
2.31
1.28
2.99

4.03

3.21
3.32

CB-70.2
Hys - 1.13

CB-69.2
Hy=-1.22

Hy* - 2.60
Cp-71.8
Hy* - 1.18

CR-72.5

Hy*-1.24
Ny-110.8
Hy, - 6.82
Hy,-7.80

Hy, - 1.32
Hy, - 1.47
Ho* - 1.75
He* - 2.90

H8* - 7.29
He* - 7.39
HE - 7.31

Hy* - 2.49

Ny - 115.0
Hy, - 7.10
Hy, - 7.89
CB - 70.4

Hy* - 1.24
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64. Thr
65. Asp
66. Ser
67. Thr
68. Asn
69. Cys
70. Tyr
71. Lys
72. Ala
73. Thr

74. Ala
75. Cys

76. Thr
77. Asn
78. Ser
79. Ser
80. Gly
81. Cys

82. Pro

83. Gly
84. His

118.2

132.4

112.3

108.9

117.8

116.6

114.6

117.7

1259

114.5

126.9
126.1

122.6

123.1

110.0

1171

108.5

117.6

110.3

8.45

8.89

8.54

7.96

7.92

8.16

6.60

9.62

7.25

8.14

7.70
8.81

8.79

7.85

7.78

8.19

8.79

7.94

8.59

61.7

56.1

59.0

582

53.7

56.9

55.9

54.7

54.9

60.7

55.7

62.2

54.2

57.7

572

550

63.6

5.17

5.06

5.89

5.25

3.63

4.78

4.82

4.58

4.34

4.52

4.72
5.09

4.60
4.52
5.68
4.83
3.77
3.87
4.97

4.48

3.93

3.97

2.68
3.15
3.23
4.07
4.08

2.53
2.64
3.01
3.66
3.00
3.29
1.43
1.97

1.40
4.29

1.46
2.65
3.57
4.14

3.12
3.32
3.55
3.89
3.97
4.19

2.96
3.58
1.96
2.28

CB- 704
Hy* - 1.22

CB-684
Hy*-1.14

Ho*-7.18
He* - 6.50
Hy* - 1.63
H8* - 1.72
He* - 3.05

CB-71.0
Hy* - 1.34

CB-70.1
Hy* - 1.32

Hy* - 1.88
H), - 3.86
HS, - 3.95

* A version of this table has been published as supplementary material to Daley et al.
(2002) Biochemistry 41: 5515-5525 and has been deposited in the BMIRB under

accession number 5323.
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Appendix B: Assessment of TmAFP folding by NMR

Citation:

Liou, Y.-C., Daley. MLE., Graham, L.A., Kay, C.M., Walker, V.K., Sykes, B.D., and
Davies, P.L. {2000) Folding and structural characterization of highly disulfide-bonded
beetle antifreeze protein produced in bacteria. Protein Expression and Purification 19,

148-157.

Abstract:

The hyperactive antifreeze protein from the beetle, Tenebrio molitor, is an 8.5-kDa,
threonine-rich protein containing 16 Cys residues, all of which are involved in disulfide
bonds. When produced by Escherichia coli, the protein accumulated in the supernatant
in an inactive, unfolded state. Its correct folding required days or weeks of oxidation at
22 or 4°C, respectively, and its purification included the removal of imperfectly folded
forms by reversed-phase HPLC. NMR spectroscopy was used to assess the degree of
folding of each preparation. One-dimensional 'H and two-dimensional 'H total
correlation spectroscopy spectra were particularly helpful in establishing the
characteristics of the fully folded antifreeze protein in comparison to less well-folded
forms. The recombinant antifreeze protein had no free -SH groups and was rapidly and
completely inactivated by 10 mM DTT. It had a thermal hysteresis activity of 2.5°C at a
concentration of 1 mg/ml, whereas fish antifreeze proteins typically show a thermal
hysteresis of ~1.0°C at 10-20 mg/ml. The circular dichroism spectra of the beetle
antifreeze protein had a superficial resemblance to those of a-helical proteins, but
deconvolution of the spectra indicated the absence of a-helix and the presence of -
structure and coil. NMR analysis and secondary structure predictions agree with the CD
data and are consistent with a f3-helix model proposed for the antifreeze protein on the
basis of its 12-amino-acid repeating structure and presumptive disulfide bond

arrangement.
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NMR Coniribution:

Materials and Methods — NMR spectroscopy

Samples for NMR spectroscopy were prepared by dissolving 4.5 mg protein (TmTHP
isoform 2-14) in 500 ul 90% H,0/10% D,0 (by vol), adjusting the pH to 5.5, and adding
0.1 mM 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS) as an NMR chemical shift
reference. All experiments were carried out at 30°C on a Varian Unity 600 MHz
spectrometer equipped with a pulse-field gradient triple-resonance probe. These
experiments included two-dimensional 'H homonuclear total correlation spectroscopy
(TOCSY) spectra (I, 2) with a mixing time of 54 ms. The acquired data consisted of
4096 complex data points in the acquisition domain and 256 complex data poinis in the
indirectly detected domain. The spectral width for both dimensions was 7500.5 Hz. The

NMR spectra were processed using VNMR 5.3 software on a Sun workstation.

Results — NMR Analysis

The NMR spectroscopic data were of excellent quality and demonstrated that
recombinant TmTHP is a stable, folded protein (Figure B.1). In the one-dimensional 'H
spectrum, the amide and aromatic protons at low-field are very well defined (Figure
B.1A). A number of aCH protons are observed above and below the large residual water
peak at approximately 4.9 ppm. All the methyl proton resonances are overlapped and
occur upfield between 1.0 and 1.8 ppm, except for the N-terminal Met, which gives rise
to the sharp peak at 2.2 ppm. This spectrum, along with the two-dimensional 'H TOCSY
spectrum in Figure B.1B, is typical of a high-resolution spectrum of a small, stable, and
well-folded protein. As well, the wide chemical shift dispersion in the TOCSY spectrum
for the proton resonances in individual amino acid spin systems indicates the folded
nature of the protein. In general, the observation of downfield aCH protons resonating at
5.2-6.2 ppm and amide (NH) protons resonating at 8.0-9.6 ppm is characteristic of 8-
sheet secondary structure. Using the two-dimensional 'H TOCSY spectrum and the
protocol of Wishart ez al. (3), the number of amide NH-oCH cross-peaks in the region
defined by 7.1-10.0 and 4.85-6.2 ppm is half the number of residues involved in 3-sheet

and extended secondary structure. Thus for TmTHP, the 36 peaks in this region
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Figure B.1: '"H NMR spectra of TmTHP. (A) One-dimensional 'H NMR
spectrum. The standard signal at 0 ppm is from the methyl proton resonances of
DSS. The large residual peak at 4.9 ppm is due to H,O. (B) Region of two-
dimensional TOCSY 'H NMR spectrum showing correlations of NH and aromatic
protons to protons in the rest of the spectrum.
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Figure B.2: Two-dimensional TOCSY NMR spectra. Comparative two-
dimensional TOCSY NMR spectra focusing on the fingerprint region of the
protein spectrum which shows correlations of NH protons to a-CH protons. This
region is diagnostic of the misfolded TmTHP isoforms. The broad undefined
region evident in the spectrum on the left (A) is clearly not present in the
spectrum of the well-folded material (B).

correspond to 72 residues or approximately 85% - and extended structure. The
observed resonance linewidths are typical for an 8.5 kDa protein and therefore indicate
that there is no aggregation of the protein in solution. Furthermore, there is no indication
of any splitting or doubling of resonances that would be caused by incorrectly folded
protein or by the protein existing in multiple conformations. Figure B.2 displays an
expansion of the “fingerprint” region of the two-dimensional 'H TOCSY spectrum,

which shows some of the amide NH-aCH-BCH connections via the amino acid spin
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systems. The spectrum of the well-folded TmTHP displays strong, sharp peaks and clear
individual correlations between protons (Figure B.2B). The spectrum in Figure B.2A is
similar, displaying identical individual correlations, within an underlying broad,
undefined region of NH-aCH connectivities from 7.8 to 8.6 and 4.3 to 4.5 ppm. This
undefined region occurs only in this narrow chemical shift range, which is indicative of
an unfolded random coil region in the protein. Unfolding in a portion of the protein leads
to the loss of individual chemical environments that give rise to the usual chemical shift
dispersion and results in the spreading out of the chemical shift and the observed broad,
undefined region. It is not clear whether the unfolded region corresponds to complete
unfolding of a certain percentage of all protein molecules or to unfolding in a particular
region of each individual protein molecule. However, this misfolded form could largely
be removed using an additional semipreparative reversed-phase HPLC step. In this way,
'H NMR experiments were useful in quality control to ensure that the protein was

properly folded.

References:
1. Braunschweiler, L., and Ernst, R. R. (1983) J. Magn. Reson. 53, 521-528.
2. Davies, D. G., and Bax, A. (1985) J. Am. Chem. Soc. 107, 2820-2821.

3. Wishart, D. S., Sykes, B. D., and Richards, F. M. (1991) FEBS Lezt. 293, 72-80.
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Appendix C: Identification of the TmAFP ice-binding face

Citation:
Marshall, C.B., Daley. MLE., Graham, L. A, Sykes, B.D., and Davies, P.L. (2002)
Identification of the ice-binding face of antifreeze protein from Tenebrio molitor. FEBS

Letters 829, 261-267.

Abstract:

The beetle Tenebrio molitor produces several isoforms of a highly disulfide-bonded B-
helical antifreeze protein with one surface comprised of an array of Thr residues that
putatively interacts with ice. In order to use mutagenesis to identify the ice-binding face,
we have selected an isoform that folds well and is tolerant of amino acid substitution, and
have developed a heating test to monitor refolding. Three different types of steric
mutations made to the putative ice-binding face reduced thermal hysteresis activity
substantially while a steric mutation on an orthogonal surface had little effect. NMR
spectra indicated that all mutations affected protein folding to a similar degree and
demonstrated that most of the protein folded well. The large reductions in activity
associated with steric mutations in the Thr array strongly suggest that this face of the

protein is responsible for ice binding.

NMR Contribution:

Materials and Methods — NMR spectroscopy

In order to determine the degree of folding of the wild-type TmAFP protein and the
selected mutants, NMR spectra were obtained. Samples were prepared by dissolving
approximately 2 mg of each protein in 500 ul of 90% H,0/10% D,0 (by volume). The
pH was adjusted to 5.3 with pl aliquots of 100 mM NaOD or DC] as required, and 0.1
mM 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS) was added as an NMR chemical
shift reference. All spectra were acquired at 30°C on a Varian Unity 600 MHz
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spectrometer equipped with a 5-mm triple resonance probe and z-axis pulsed field
gradients. The experiments included two-dimensional "H homonuclear total correlation
spectroscopy (TOCSY) spectra (J, 2) with a mixing time of 54 ms. The acquired data
consisted of 1024 complex data points in the acquisition domain and 256 complex data
points in the indirectly detected domain. The spectral width for both dimensions was
7000.4 Hz. The NMR spectra were processed using VNMR 6.1B software on a Sun

workstation.

Resuits and Discussion - Isoform Tm 4-9 folds better than 2-14

The folding of recombinant TmAFP isoform 2-14 takes several weeks and has an
appreciable failure rate, with approximately one in four preparations yielding low TH
activity. Because Tm 2-14 was difficult to refold, we compared the expression of another
TmAFP isoform, Tm 4-9. Tm 4-9 protein is much more abundant than 2-14 in the
hemolymph of T. molitor (3) and, although it only differs from 2-14 at five residues,
recombinant Tm 4-9 was found to fold more rapidly and reliably than 2-14. The two-
dimensional 'H TOCSY spectra of both the Tm 2-14 and Tm 4-9 isoforms displayed in
Figure C.1 are of excellent quality and are typical of high resolution spectra of small,
stable and well-folded proteins. In particular, the wide chemical shift dispersion for the
proton resonances in the individual amino acid spin systems indicates the folded nature of
the protein. The observed resonance linewidths are typical for a protein of 8.5 kDa,
suggesting there is no aggregation of the protein in solution. We have previously used
two-dimensional '"H TOCSY NMR spectra to identify improperly folded protein (4). In
these spectra there is little indication of resonances that would be caused by incorrectly
folded protein or by the protein existing in multiple conformations. Finally, the spectrum
of the Tm 4-9 isoform is almost identical in chemical shift dispersion and resonance
linewidth to that of Tm 2-14, which suggests that although the folding pathways may
differ in rate and efficiency, the well-folded form of each isoform is ultimately very

similar.
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Figure C.1: Regions of the two-dimensional TOCSY 'H NMR spectra showing
correlations of NH and aromatic protons to protons in the rest of the spectrum for
(A) TmAFP isoform 2-14 and (B) TmAFP isoform 4-9.
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Results and Discussion — Tim 4-9 mutations”

Six steric mutations (T41Y, T41L, T41K, T63Y, T27Y, T39Y) were made to the putative
ice-binding face to sample four different positions and three types of replacements at one
position. The NMR spectra show that the wild-type protein (Figure C.2A), as well as the
samples of two representative ice-binding face mutants (T27Y and T39Y, Figure C.2B
and C), consist primarily of properly folded protein with a small fraction of unfolded
protein present. This is evidenced by the existence of a poorly defined broad underlying
component in the ‘fingerprint’ region of the two-dimensional 'H TOCSY spectrum,
which contains some of the amide NH-aCH-BCH connections via the amino acid spin
systems. The broad, undefined region from 8.0 to 8.5 and 4.0 to 4.5 ppm is indicative of
a small amount of unfolded, random coil protein (4). While reversed-phase HPLC is
somewhat effective at separating well-folded TmAFP from improperly folded forms, it is

difficult to remove all traces of unfolded protein.

To determine whether the loss of activity associated with steric mutations of Thr residues
is specific to the putative ice-binding face, a Thr residue on a face of the protein that is
orthogonal to the ice-binding face was also mutated to Tyr. The position T44 was chosen
because this residue is part of the same loop as T41 and T39, which were also mutated to
Tyr, and because this residue is surrounded by fewer bulky groups and is more exposed
than the other Thr residues found outside the Thr array. The ‘fingerprint’ region of the
two-dimensional "H TOCSY NMR spectrum (Figure C.2D) of this mutant is similar to
the others shown, indicating that the sample also consists primarily of well-folded protein
with a small percentage of unfolded protein. The mutation T44Y resulted in only ~20%
loss of TH activity, suggesting that this Thr residue, and by inference the surrounding

region of the B-helix, are not crucial for ice binding.

* Note the numbering of the TmAFP residues in this appendix are all one higher than I
have used throughout the thesis. Member of the Davies’ laboratory numbered the starting
Met as 1 instead of 0 as I did.
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Figure C.2: Comparative two-dimensional TOCSY NMR spectra focusing on the
fingerprint region of the protein spectrum, which shows correlations of NH
protons to oCH (and some BCH) protons. This region is diagnostic of the
misfolded TmAFP isoforms. (A) Wild-type TmAFP 4-9, (B) T27Y mutant, (C)
T39Y mutant and (D) T44Y mutant.
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NMR analysis confirmed that the incompletely folded form was a minor component of
the purified AFP preparations and that the fraction of protein that was not well folded
was fairly constant from one mutant to another. Therefore, it is reasonable to conclude
that the ~90% loss of activity seen for the steric mutants T41Y and T39Y, versus the
~20% loss seen for the confrol mutation T44Y, reflects steric interference with the

binding of the Thr array to ice.

References:

1. Braunschweiler, L. and Ernst, R.R. (1983) J. Magn. Reson. 53, 521-528.
2. Davies, D.G. and Bax, A. (1985) J. Am. Chem. Soc. 107, 2820-2821.

3. Liou, Y.-C., Thibault, P., Walker, V K., Davies, P.L. and Graham, L.A. (1999)
Biochemistry 38, 11415-11424.

4. Liou, Y.-C., Daley, M.E., Graham, L.A., Kay, C.M., Walker, V.K., Sykes, B.D. and
Davies, P.L. (2000) Protein Expr. Purif. 19, 148-157.
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Appendix D: Assessment of engineered TmAFP with deleted and added loops

Citation:
Marshall, C.B., Daley, MLE., Davies, P.L., and Sykes, B.D. Antifreeze activity varies
with the number of coils in a B-helical insect antifreeze protein. In poster presentation at

the PENCE Annual General Meeting, Edmonton, Alberta, May 10, 2002.

Abstract:

The thermal hysteresis (TH) activity of antifreeze proteins (AFPs) appears to correlate
with the size of the protein. For example, an isoform of type I AFP from winter flounder
with four 11-amino acid repeats is more active (on a molar or mg/mL basis) than the
more common isoforms with only three repeats. To more thoroughly investigate the
relationship between the size of an antifreeze protein and its activity, we have produced a
series of recombinant proteins of various lengths based on the repetitive sequence of an
AFP from the beetle Tenebrio molitor (Tm). Tm AFP isoforms are comprised of 7 to 10
tandem repeats of a 12-a.a. sequence (TCTxSxxCxxAx) that form internally disulfide-
bonded coils that stack to form a right-handed 8-helix. This fold presents a regularly-
spaced array of Thr residues that is proposed to adsorb to ice. Through the addition or
deletion of repeats, we have produced a series of proteins with 5 to 13 loops. Loss of one
or more loops causes a drastic loss of TH activity whereas the addition of loops increases
TH activity until a critical length is reached. We propose explanations why there is an

upper limit to the enhancement of TH activity as a function of length.

NMR Contribution:

NMR spectra of Tm 4-9 with loop mutations were obtained to determine the degree of
folding of each preparation. The samples were prepared by dissolving the protein in 500
ul of 90% H,0 / 10% D,0 (by volume). The pH was adjusted to approximately 6 with
uL aliquots of 100 mM NaOD or DCI as required and 0.1 mM DSS was added as an
NMR chemical shift reference. All spectra were acquired at 25°C on a Varian Unity 600
MHz spectrometer, 1D 'H and 2D 'H TOCSY spectra were collected as described
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previously (Appendices B and C). The 2D 'H TOCSY spectra presented in the following
pages represent in order:

Tm 4-9 minus 1 loop (72 residues)

Tm 4-9 wild type (84 residues)

Tm 4-9 plus 1 loop (96 residues)

Tm 4-9 plus 2 loops (108 residues)
It is clear that the loop mutant preparations have some misfolded protein present, as
evidenced by the broad component in the ‘fingerprint’ region of the spectra as we have
observed previously. The proportion of misfolded protein appears to increase with the
increasing size of the protein, as the plus 2 loop sample is quite poor compared to the
others. However, it is clear that correctly folded protein is also present in each
preparation despite the misfolded portion since there are also very sharp correlations with
a wide chemical shift dispersion. In particular, the downfield aCH peaks from 5.4 — 6.2
ppm have been assigned to the serine residues that line the inside of the $-helix. In the
wild-type protein there are five of these serines and five peaks are observed in this region
of the spectrum. In the minus 1 loop spectrum, there are only four peaks in this region,
indicating that one serine (and therefore one loop) is missing. In the plus 1 and plus 2
loop spectra, there are additional peaks in this region indicating that loops have been

added and are properly folded.

There are two 1D 'H spectra following the 2D 'H TOCSY spectra. These are:

Tm 4-9 plus 3 loops (120 residues)

Tm 4-9 plus 4 loops (132 residues)
These spectra were of much poorer quality and only the 1D spectra were acquired. The
plus 3 loop sample looks mostly unfolded, since there are no peaks in the amide region
above 9 ppm. The plus 4 loop mutant sample appears to contain some well-folded
protein. The chemical shift dispersion in this spectrum is better since there are amide
peaks above 9 ppm and alpha peaks between 5.5 and 6 ppm. Overall, NMR spectroscopy
proved to be very useful in assessing the folded state of the engineered TmAFP loop

mutations.
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MINUS 1 LOOP
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PLUS 3 LOOPS

PLUS 4 LOOPS
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Appendix E: Purification of TmAFP by inclusion into ice

Citations:

(1) Marshall, C.B., Kuiper, M.1., Lankin, C., Gauthier, 8.Y., Walker,V.K., Tomczak,
M.M., Daley, ML.E., Sykes, B.D., and Davies, P.L.. Partitioning of antifreeze proteins into
ice. In poster presentation at the Symposium on Stress Proteins: From Antifreeze to Heat
Shock, Bodega Bay, California, March 7-9, 2003.

(2) Marshall, C.B., Daley, ML.E., Sykes, B.D., and Davies, P.L.. Engineering of a
repetitive B-helical antifreeze protein. In poster presentation at the PENCE Annual

General Meeting, Vancouver, British Columbia, May 22-23, 2003.

Abstract:

From (2) - The beetle Tenebrio molitor (Tm) produces a number of antifreeze protein
(AFP) isoforms, which are comprised of a variable number of 12-a.a. repeats
(TCTxSxxCxxAx) that form internally disulfide-bonded coils and stack to form a right-
handed B-helix. One side of the protein contains a regularly spaced array of Thr residues,
which binds to ice, conferring antifreeze activity. A number of naturally occurring AFP
isoforms as well as engineered AFP fusion proteins suggest that larger AFPs possess
higher antifreeze activity. We have exploited the repetitive sequence and structure of Tm
AFP to investigate the relationship between the size and activity of an antifreeze protein.
Using the 7-loop isoform Tm 4-9 as a template, we have produced a series of
recombinant proteins from 5 to 13 loops, by adding and deleting internal repeats. We
were able to significantly increase antifreeze activity by adding loops, up to a critical
maximum length, whereas deletion of loops caused a marked loss of activity. NMR was
used to assess the folding of each variant. The preparations of the larger proteins
contained more misfolded material, presumably because with each added loop, one exira
disulfide bond must be correctly formed. Because misfolded forms of TmAFP are not
easily removed by chromatography, we have used a novel purification method,
based on the affinity of active AFPs for ice, to separate well-folded protein from
misfolded forms. This method has proved to be the critical step for accurately

determining specific activities of well-folded proteins.
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NMR Contribution:

A novel method for purifying antifreeze proteins (AFPs) by virtue of their affinity for,
and inclusion into, ice (/) has recently been described. As has been described, AFPs bind
to the surface of ice. At high concentrations, they inhibit ice growth, while at low
concentrations, they bind but are overgrown and get included into the ice. This inclusion
is exploited in the ice-etching technique used to determine ice-binding planes, which was
described in the Introduction to this thesis. Non-AFPs and soluates are almost entirely

excluded from slowly growing ice.

Ice affinity purification (IAP) can be used to remove the misfolded form of TmAFP. As
discussed in the previous appendices, NMR is very useful as a quality control method to
determine the folded state of AFP preparations. In Appendix D, the folding of various
loop mutations was assessed. One of the long isoforms of TmAFP, with two additional
12 amino acid repeats consists of a mixture of well-folded and misfolded protein by
NMR (as in Appendix D). It is very difficult to remove the misfolded material, even with
reversed phase HPLC. However this was accomplished using IAP as NMR spectroscopy
was able to confirm. The NMR spectra clearly show that the misfolded protein was

excluded from the ice while the well-folded material was included in the ice fraction.

This allowed us to resolve the question we had posed in our previous work on TmAFP
folding (Appendix B). We had not been able to determine whether the unfolded region
corresponded to complete unfolding of a certain percentage of all protein molecules or to
unfolding in a particular region of each individual protein molecule. This method clearly
indicates that it is indeed a certain percentage of the protein population that is completely

unfolded, and that this misfolded protein can be removed.
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Figure E.1: Two-dimensional TOCSY 'H NMR spectra of the ‘fingerprint
region’ showing correlations of NH protons to a-CH protons. The original
sample shows clear individual correlations with an underlying broad, undefined
region. The ice-affinity purified material shows primarily the clear sharp peaks

indicating well-folded material, whereas the liquid fraction contains the broad

peaks indicative of unfolded random coil.

1. Kuiper, MJ., Lankin, C., Gauthier, S.Y., Walker, V.K. and Davies, P.L. (2003)
Biochem. Biophys. Res. Commun. 306, 645-648.
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